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Abstract 
Appropriate agricultural mechanization for rice, sugarcane and oil palm are highly important 
as the major crops to contribute in agricultural production in Thailand. In these crops, rice 
cultivation in the swampy areas covers 20% of central plain land of Thailand, observed the 
uses of less efficient conventional machines and puddling in wet conditions throughout the 
year that deteriorates soil structures. Again, sugarcane trash burning creates environmental 
pollution and oil palm harvesting at the early stage gets serious injuries using conventional 
tools. In this research, the focus was given for the development of appropriate small-scale of 
agricultural mechanization for the tillage system of rice transplantation, sugarcane trash 
incorporation with soil and oil palm harvester. Therefore the aim of this research was to 
design and develop appropriate machineries to bring solution of mentioned problems for rice 
cultivation in swampy areas; trash incorporation of sugarcane residues with soil, and 
injurious of oil palm while harvesting at the primary stage.  
In this research, land preparation systems, cost and energy analysis was done for the 
practicing machineries use for primary and secondary tillage in Thailand. In this 
consequence, a new power puddler was designed and developed as a substitute of moldboard 
plow and puddling rotor attached to a two-wheel-tractor for swampy paddy fields. The power 
puddler utilized power source from two diesel engines: an 8 kW engine as a power source for 
the two-wheel-tractor. The power puddler had field capacity of 0.5 for primary and secondary 
tillage, which was higher than conventional moldboard plow. The fuel consumption was 
varied for primary and secondary tillage operations. The break-even point was 16.5, 8.2 and 
6.2 ha for single, double and triple-crop per year respectively. The mechanical energy input 
for land preparation for primary and secondary tillage was 812.26 and 764.78 MJ/ha 
respectively, while the energy profit ratio (EPR) of rice production was 6.3.  
The feasibility of modifying a half-track tractor to enhance traction in swampy paddy fields 
was observed. The modification of the half-track tractor resulted a two-fold increased in 
contact area and 27% decreased in contact pressure. This two equipment were designed for 
land preparation in the swampy area. The half-track tractor generated higher field capacity of 
10% than conventional high lug-tire tractor. Moreover, the field efficiency was higher than 
conventional tractor 5%. The break-even point was 270 ha for one crop per year. The 
mechanical energy input for land preparation for primary tillage was 1,433.4 MJ/ha while the 
EPR of rice production was 6.36. 
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Furthermore, farmer preferred to return sugarcane leaves and residues by means of 
incorporation as residues can contribute a lot of organic matters in the soil. To solve this 
problem facing by the small-scale farmers, a prototype of an inter-row cultivator was 
designed and developed with optimized working width of 80-cm. The fabricated inter row 
cultivator was mounted with a medium-sized tractor (25.3 kW or 37.3 kW). The field 
efficiency of the inter-row cultivator exceeded 90% with greater soil inversion to mix residue 
into the soil. The field capacity was 0.3 ha.h
-1
. Moreover, the break-even point when attached 
with 25.3 kW tractor was 48.15 ha while attached with 37.3 kW tractor was 101.81 ha. The 
energy requirement for inter-row cultivator was 2,642 MJ/ha while the EPR of sugarcane 
production was 11.55.  
In case oil palm plantation, two new tools to overcome injury of oil palm at the primary 
stage, the developed tool consisted with a spring chisel and pneumatic harvesting equipment, 
had harvesting capacity were 11.50 and 6.71 sec/bunch, respectively. The new implement 
could reduce the torn wound of 94%. The energy input for spring chisel and pneumatic 
harvesting tool was 0.21 and 16.93 MJ/ha while the EPR of oil palm production was 3.34 and 
3.10 respectively. The spring chisel increased the impact force from 27.58 kg to 43.75 kg to 
efficiently harvest oil palm bunches and lower a number of torn wounds. The pneumatic 
harvesting equipment was designed to work with one to three chisel blades.  
The outcomes of this research was the development of appropriate new agricultural 
machinery implements: the power puddler attached with a two-wheel tractor, half-track 
tractor, inter-row cultivator and oil palm harvesting to better deal with their problems and 
efficient uses to keep soil structure, sugarcane burning problems and wounds of oil palm 
plant.  The machinery companies selected the developed technologies in the commercial 
scales of production. The survey was conducted and farmers preference about the developed 
technologies were evaluated based on the agricultural machinery selection criteria, as well as 
their weight, in which the main criterion was cost, followed by field capacity and power 
source. All the new machinery implements designed and developed in this research have been 
able to help farmers to solve their problems for tillage in the swampy areas with increased 
field capacity, sugarcane trash incorporation with greater inversion with soil instead of 
burning; and reduced injury of oil palm during harvesting of oil palms. 
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Chapter 1 
Introduction 
1.1 Background of the Research 
The population in Thailand is estimated over 65 million in 2017. Out of that 65 % of them 
reside in the rural areas. Approximately a total of 6.3 million (90 %) farm families earn their 
income from rice cultivation and other cash crop production such as sugarcane and oil palm. 
In a statistics, approximately 67.63 % of the farmer populations in Thailand are small-scale 
farmers. The small scale farmers mostly dependent on the rice production, which is one is the 
most important crops in Thailand for its economic value, followed by cassava, sugarcane, and 
oil palm (OAE, 2016). The farming population varied according to central, northern, 
northeastern and southern regions of Thailand (Table 1.1). Though the numbers of 
households in small-scale are mostly dependent on rice production, sugarcane and oil palm, 
the number of farmers, area of holding and production of rice, sugarcane and oil palm (Table 
1.2) and the number of holding using machinery and equipment by source, number and type 
of machinery and equipment for farmer in Thailand (Table 1.3). There is lack of improved 
technologies to employ in the production process to support their livelihoods. The suitable 
agricultural mechanization especially for small-scale farmers should be developed to increase 
the agricultural production efficiency and to raise the living standard of farmers. 
Table 1.1 Number and area of holdings by region (NSO, 2013) 
Region 
Number of 
(million case) 
Area of holding 
(million ha) Average area 
of holding (ha) 
Number % Number % 
Whole Kingdom 5.9 100 18.7 100 3.2 
Central 0.9 14.3 3.1 16.8 3.7 
Northern 1.3 22.0 4.4 23.6 3.4 
Northeastern 2.7 46.4 8.7 46.8 3.2 
Southern 1.0 17.3 2.4 12.8 2.3 
Initially, the development of farm mechanization in Thailand focused on power-intensive 
machines, such as irrigation pumps, power tillers, and threshers, which are mostly produced 
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by the local manufacturers (Mongkoltanatas, 1993; Kaitiwatt, 1996). In 1998, the great 
expansion of other economic sectors in the country: heavy industry, construction, tourism, 
and service, as a result of fourth national economic and social development plan (NESDP) 
caused on-farm labor shortage crisis. In the wake of this, mechanization has become as one of 
the important inputs for Thailand’s agricultural production system. The development of such 
mechanization has rapidly expanded in terms of both number and size of machines in use 
(Mongkoltanatas, 1998). Even though the government has encouraged the use of machinery 
in agricultural sectors, it is still not accepted by the most of the small-scale farmers. This is 
due to the lack of the suitable machinery for each particular crop production such as efficient 
machinery for land preparation in the swampy paddy field in the rice production, machinery 
for chopping and mixing sugarcane and residue in the sugarcane production and harvester for 
oil palm plantation in the primary stage. Therefore, the main concept implied in crop 
production (rice, sugarcane, and oil palm) should be considered in the design and 
development of the proper machinery. 
1.2 Agricultural Mechanization for Rice Production 
The total cultivated area of rice is 12 million hectares. A total national rice production is 32 
million ton, with an average yield of 3,000 kg.ha
-1 
(OAE, 2016). In rainy season, rice 
production dominates the central region, an intensively cultivated alluvial area which 
accounts for approximately one-fifth of the total cultivated rice land in the wet season with 
the central plain covering an area of approximately 1.8 million hectares. There are few 
problems with the preparation of land for rice production, especially in the irrigated area. The 
improper usage machinery by farmers to prepare land such as puddling in a wet condition 
throughout the year can deteriorate the soil structures. Also, this leads to deep hardpans in 
paddy fields, resulting in swampy areas. The problems indicate that the farmers still have lack 
of machines for land preparation in that area. This is a National problem. In order to enhance 
the efficiency of agricultural machinery for land preparation in swampy areas, research need 
to be done to find out the problems of utilizing agricultural machineries in the swampy areas.  
To overcome such difficulties, the appropriate size of machinery implements are required to 
attach with either a two-wheel tractor or a ordinary tractor that are widely uses in the country. 
Additionally, the production costs are also important to take into consideration based on the 
need assesment of implements for small scale farmers. The households survey and farmers 
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opinions based on the farming system practices throughout the central part of Thailand. are 
also important to be collected.  
Table 1.2 Number of farmers, area of holding and production of rice, sugarcane and oil 
palm (OAE, 2016) 
Crop 
Number of farmers 
(case) 
Area of holding 
(million ha) 
Product 
(million tons) 
Rice 3,768,143 12.58 31.47 
Sugarcane 214,916 1.25 95.95 
Oil palm 128,265 0.66 10.77 
 
Table 1.3 Number of holding using machinery and equipment by source, number and 
type of machinery and equipment for farmer in Thailand (NSO, 2013) 
Type of Machinery 
and equipment 
Number of 
using 
machinery 
and 
equipment 
Sources of machinery and equipment 
Number 
of 
machinery 
and 
equipment 
Owned 
by the 
holder 
Cooperative 
or farmer’s 
group 
Agricultural 
service 
Government 
agency 
Other 
Harvester 
machine 
       
Reaper (sugar) 82,044 3,047 686 78,953 238 258 3,621 
Combine harvester 1,639,016 33,095 3,123 1,588,239 2,456 2,646 38,340 
Thresher        
Rice and cereal 
thresher 
542,887 14,512 2,652 526,713 1,449 2,544 15,347 
Corn Sheller 173,568 4,027 1,328 168,737 256 1,077 4,460 
Rice and cereal 
winnower 
207,718 4,777 3,302 201,873 714 1,969 5,366 
Rice miller 1,808,871 40,515 59,847 1,752,898 9,130 25,564 45,587 
 
Transport 
equipment 
       
Four-wheel truck 174,370 799,979 3,177 931,162 1,772 15,695 795,127 
Six-wheel and over 
truck 
1,037,262 84,563 2,483 951,690 1,379 3,112 98,671 
Farm truck 
943,220 499,030 3,001 459,441 1,427 9,521 517,241 
Note 1. One holding may report each type of machinery and equipment used more than one source, 2. Only the holdings who owned the 
machinery and equipment, one holding may have machine and equipment more than one and some holdings may not report number of 
machine and equipment. 
1.3 Agricultural Mechanization for Sugarcane Production 
Sugarcane is a perennial crop that grown mainly as a source of sugar and becomes as one of 
the crucial economic crops of Thailand. After sugarcane harvesting, farmers need to chop and 
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mix sugarcane residues into soil to prevent a fire problem. The harvesting of sugarcane can 
be done by two methods, either by direct cutting the standing green crop or by cutting the 
crops after burning. However, burning off sugarcane leaves and residues is not a preferable 
choice for most of the farmers as these wastes can generate a large amount of organic matters 
in the soil. Hence, a suitable inter-row cultivator that can be used to help the farmers to chop 
and mix the sugarcane residues has been developed. The design and performance testing of 
the inter-row cultivator for sugarcane field are shown in Chapter 6.  
1.4 Agricultural Mechanization for Oil Palm Production 
In Thailand, there are at least 120,000 farmers involving in oil palm cultivation, mostly on 
small to medium-scale farming. Small-scale farmers owning less than 5.0 hectares manage 
approximately 70% of the total area planted with oil palm production. The rapid expansion of 
oil palms plantations has several problems especially during harvesting in the primary stage. 
First, oil palm in the primary stage needs to retain its green leaves before harvesting the 
bunch because oil palm with a bush shape attains high productivity. With this reason, the 
harvesting is very difficult; and thus increasing the harvesting cost for oil palm growers. Due 
to the rather high cost, these growers have tried to harvest oil palm bunches by themselves, 
despite a lack of skills. As for many times that the whole palm cannot be cut in one time, they 
had to cut again but in a different spot. As a consequence, the cutting wounds tore the oil 
palm, and eventually led to serious problems. Causing stress condition and raising the plant 
respiration rate, this problem, in many cases, resulted in plant growth stoppage or death. 
Therefore, research is needed to develop a new equipment that capable to reduce the effect of 
action force. As a consequence there are less wounds on oil palm, increase in plant 
respiration rate and inhibition of plant growth, as discussed in Chapter 7. 
1.5 Objectives  
The objectives of this research are as follows: 
1. To identify the machinery system to prepare swampy land by considering the reasonable 
alternatives for farmers in the swampy areas of Thailand. 
2. To design an implement that can be attached to a two-wheel tractor to ease the drudgery 
of land preparation for primary tillage and puddling in swampy areas. 
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3. To design a half-track tractor for four wheel tractor to solve the difficulties encountered 
by conventional tractors during land preparation especially for primary tillage operation 
in swampy areas. 
4. To develop an inter-row cultivator for mounting on a medium-sized tractor for 
incorporating sugarcane residues into soil.  
5. To develop new equipment which capable to reduce the effect of action force and 
wounds on oil palm stress condition to harvest oil palm. 
6. To encourage companies to employ the prototypes for manufacturing and selling the        
products commercially. 
1.6 Outline of the Research  
This dissertation has been organized as follows: In Chapter 2, history of agricultural 
mechanization in Thailand especially machinery for rice, sugarcane and oil palm plantation 
production for small-scale farmers are briefly reviewed. In Chapter 3, factors influencing 
machinery selection for land preparation in paddy field are presented. Criteria for machinery 
selections for land preparation on the swampy paddy field are also described in Chapter 3.  In 
Chapter 4, the development of a power puddler for two-wheel tractor is explained. The power 
puddler attached with two-wheel tractor also replaces the moldboard plow and puddling rotor 
for land preparation in the swampy areas. In Chapter 5, the development of half-track for the 
four-wheel-drive tractors is explained. The half-track tractor helps improve the traction by 
increasing the contact area and contact pressure. In addition, the efficiency of the half-track in 
the fields is also described in this chapter. In Chapter 6, design, fabrication and performance 
evaluation of an inter-row cultivator for sugarcane fields are reviewed. The result obtained 
from testing the machine for incorporating sugarcane wastes is described. In Chapter 7, the 
equipment for harvesting oil palm in the primary stage is reviewed. The results obtained from 
a primary stage of oil palm harvesting are also included and described in this chapter. Lastly, 
conclusion and recommendations are provided in Chapter 8. 
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Chapter 2 
Review of Literatures 
2.1 History of Agricultural Mechanization in Thailand 
In the past, Thai farmers employed simple tools, animal-drawn implements and water wheels. 
The first introduction of power technology was in 1891 when the government imported steam 
power tractors and rotary hoes. However, these machines were found not suitable to be used 
for the paddy field conditions, not to mention their high price (Sukharumana, 1982). In 1947, 
a single axle tractors powered by 4.4 kW gasoline engine with rotary hoes were imported, but 
again cannot be used as their low chassis was unsuitable for swampy fields (Rijk, 1989). In 
the early 1950's, the Rice Experiment Station began to encourage the use of 4-wheeled 
tractors by offering hiring service, but this attempt failed to meet its objectives. In 1955, there 
were 262 tractors imported from number of countries, but the 2-wheeled tractors or power 
tillers from Japan were the most accepted. Between 1956 and 1957, there was a significant 
increase in the number of imported tractors. This trend inspired local companies to simplify 
the design of imported tractorIn 1957, the Agricultural Engineering Division (AED) of the 
Ministry of Agriculture and Co-operative provided local manufactures with a design of an 
axial flow pump, "Debaridhi water pump". This pump was subsequently produced for the 
commercial purpose, and widely adopted. In 1958, the Division released a design of a 4-
wheeled tractor powered by a 18 kW engine, named "Iron Buffalo", to two private firms for 
commercial production. Due to the high cost of this tractor, however, it could not compete 
with imported ones; and eventually the firms stopped their production. In the same year, Mr. 
Debaridhi Devakul designed the first prototype of a rice combine harvester, driven by a PTO 
shaft, with the cutting and threshing units attached to the tractor (18 kW) (Singh, 1983). 
In 1957, the Agricultural Engineering Division (AED) of the Ministry of Agriculture and Co-
operative provided local manufactures with a design of an axial flow pump known as 
"Debaridhi water pump". This pump was subsequently produced for the commercial purpose, 
and widely adopted. In 1958, the Division released a design of a 4-wheeled tractor powered 
by a 18 kW engine, named "Iron Buffalo" to two private firms for commercial production.  
However, the firms stopped their production on this tractor because of the high cost 
production and were not able to compete with the imported tractors. In the same year, Mr. 
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Debaridhi Devakul designed the first prototype of a rice combine harvester, driven by a PTO 
shaft, with the cutting and threshing units attached to the tractor (18 kW) (Singh, 1983). 
During 1964-1965, tractor producers around Bangkok area began to modify the design of the 
imported 2-wheeled tractors using the trial and error method. Eventually, only one producer 
successfully achieved the goal in modifying the gearbox that suitable to use in local paddy 
field conditions. In 1966, there were a few firms manufacturing 2-wheeled tractors existed 
and able to produce local tractors with lower price compared to the imported ones. Moreover, 
their better suitability to local conditions made them popular, especially in the Central region. 
During 1967-1969, a 2-wheeled tractor producer in Ayudhaya province developed a 4-
wheeled tractor powered based on the 2-wheeled tractor gearbox. It was developed by adding 
2 more wheels and seats and was powered by a 11 kW single piston diesel engine (Singh, 
1983).    
In 1975, the AED developed a prototype of an axial flow rice thresher and received its 
blueprint by the International Rice Research Institute (IRRI). Then, the prototype was offered 
to a selected firm in Chachoengsao province for commercial production. After the 
production, ten units were immediately sold; but this was considered commercially 
unsuccessful. In 1975, a new blueprint was offered to other three firms for the same purpose; 
and the products were widely accepted.  In 1977, the Japanese combine harvesters (head feed 
type) were introduced to farmers, but they were not accepted. In 1978, AED tested a number 
of Japanese reapers; but, again, they were not approved because the long-stem rice varieties 
which have tendency lodge during harvesting period could not be harvested. These reapers 
were finally abandoned. Between 1985 and 1987, local firms around Bangkok successfully 
developed a rice combine harvester and popularly used in hiring services. In 1988-1989 
locally made rice combine harvesters were accepted by farmers and commercial production 
was possible. In 1990-1991, there were around 20 manufacturing firms producing rice 
combine harvesters. In 1992-1993, Agricultural Engineering Division (AED) tested the IRRI 
rice stripper harvester. In 2004, Agricultural Engineering Research Institute (AERI) 
developed a rotary harrow for puddling attached with a medium-size tractor (19 kW), a rotary 
cultivator implemented with a two wheel tractor for organic rice, a small type track tractor for 
land preparation in swampy paddy field, and a inter-row cultivators for sugarcane field. In 
2005, AERI developed a power puddler for secondary tillage in irrigated paddy field. In 
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2006, AERI developed a power puddler implemented with two wheel tractor. In 2007, AERI 
developed a medium size half-track (37-44 kW). 
2.2 Rice Situation in Thailand 
The major rice planted area in crop year 2015/16 decreased from year 2014/15 due to the less 
rainfall in the early of rainy season (May-June 2015) and the under rainfall average of the 
overall actual in most regions. These situations caused delayed in farmers’ cultivation and in 
some areas, cultivation could not proceed. In addition, the declining price of rice leaded the 
farmers switched their planting to other crops with a good price condition like sugarcane. The 
production yield per ha slightly decreased because the lower level of rainfall and it was 
insufficient for the paddy growth. Moreover, pests such as thrips were spread out in some 
areas. These conditions caused the lower production entirely (OAE, 2016). 
The second rice crop planted area in year 2015/16 also decreased from year 2014/15 due to 
water in major dams was not enough to cultivate, and declined in price. The yield also 
slightly decreased because of insufficient water supply (OAE, 2016). 
In 2015, Thailand exported 9.80 million tons of rice with the total value of 4,434 million 
US$, comparing with 10.97 million tons of rice with total value 4,995 million US$ in 2014. 
The volume and value decrease 10.67 % and 10.83 % respectively because the decreasing 
world economic growth led to the decreasing in purchasing power of trading partners. In 
addition, the export price of Thai rice was higher than the competitors by 20-30 dollars per 
ton. As a result, some rice importing countries reverted to import rice from the other 
countries (OAE, 2016).  
2.2.1 Agricultural Mechanization for Rice Production 
Agricultural mechanization for rice production is the highest progressive in the central 
region. Mechanization for rice production are briefly described as below. 
2.2.1.1 Land Preparation 
There are 3 types of power sources: 2-wheeled tractors, 4-wheeled tractors, and rotavators. 
Making use of these power sources, together with their implements, can vary, depending on 
stage of land preparations (primary tillage (Fig 2.1), secondary tillage (Fig 2.2), and land 
leveling (Fig 2.3), rice field condition and cultural practice of such area. 
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Fig. 2.1 Primary tillage using different power sources and their implements 
 
 
Fig. 2.2 Secondary tillage using different power sources and their implements 
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Fig. 2.3 Land leveled for seed bed preparation 
2.2.1.2 Planting  
Broadcasting and transplanting are common practices for rice crop establishment. Few seed 
drills and broadcast machines which are used for field crops are also used for rice but not 
popular. Rice transplanters exist in Thailand which were developed based on the design of 
the IRRI manually-operated and mat-type transplanters from Japan and Taiwan. These 
machines were not accepted by the farmers because the manually operated mat-type 
transplanter  is too slow and the Japanese and Chinese power operated  machines are too 
expensive. They also required good seedling and well leveled seed bed preparation. 
2.2.1.3 Crop care 
The agricultural tools that are widely used for crop care are knapsack sprayer, power 
knapsack sprayer, and high pressure pump with hoses. 
2.2.1.4 Harvesting 
In irrigated area, combine harvesters that produced by local companies are most popularly 
used. 
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2.3 Sugarcane Situation in Thailand 
In crop year 2015/16, total harvested area of the country increased since the price of farm 
production in 2015 was satisfied, and sugarcane planting was promoted by entrepreneurs. 
Therefore, the production areas of rice, maize and cassava were replaced by sugar production 
(OAE, 2016). Being the second largest exporter after Brazil, Thailand exported more than 
75% of sugar production to foreign markets; and thus the income is dependent upon the 
world price of sugar. Since the world economy was not in a good shape, this brought to the 
fluctuation of the world sugar price and the price tended to decrease compared to the price in 
crop year 2015/2016. It consequently affected to income from Thailand sugar exporting and 
sugar price. However, if the world economy becomes more stable, the world demand of sugar 
might increase more than the expected value and would increase the world sugar price. The 
domestic consumption of sugar and the demand in industry sector in crop year 2015/16 are 
expected to be 2.5 million ton, which will be equal to the volume in crop year 2014/15 (OAE, 
2016). 
2.3.1 Practical Features of Sugarcane Production in Thailand 
At present, sugarcane is cultivated under a wide range of conditions in tropical and sub-
tropical regions. In Thailand, it can be grown on a wide range of soils from loamy sand. 
Clayey soils are found unfavorable to sugarcane growth. Deep and well-drained soils with 
medium fertility and a pH range between 6.1 and 7.7 are most favorable for sugarcane 
growth. Optimal temperature required for good sugarcane growth is between 20
0
 C and 35
0 
C.  
Growing one planted cane crop followed by one ratoon is usual practiced in the North and 
Northwest regions, whereas in the Central region, it is possible to grow two ration crops. 
Generally, to obtain high sugarcane yields, following suitable crop production practices 
should be used.  
2.3.1.1 Land preparation for sugarcane field 
Deep ploughing of at least 30 cm (Fig. 2.4) is recommended for conditions in Thailand. Also, 
in rainfed conditions, a second ploughing should be practiced to further break the soil down 
into a fine tilth, to maintain its moisture content. This process can become essential when 
sugarcane is grown at the end of the rainy season.  
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Fig. 2.4 Deep plough in sugarcane field 
2.3.1.2 Seed cane set requirements 
In general, planting area of 10 ha requires 1 ha of multiplication plot of 8 months old cane. 
But in a good tillering cane, for instance, Ulthong-1, 1 ha of multiplication plot can supply 
for growing cane in more than 10 ha.  
2.3.1.3 Planting method 
The whole stalk of sugarcane was laid in furrows which were cut into 30 cm in length. The 
sugarcane planter is shown in Fig. 2.5.  
 
Fig. 2.5 Sugarcane planting machine 
2.3.1.4 Harvesting 
More than 90% of sugarcane harvesting is done manually (Fig. 2.6) and 10% by sugarcane 
harvester (Fig. 2.7). By average, a ton of cane can be harvested by a person in a day. After 
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cutting, the cane is stripped, topped and bound in bundled of 8-15 stalks for loading. Green 
cane harvesters have also been introduced. They have been found to be effective under the 
conditions of the central region. However, harvested cane should be sent to the mill within 48 
hours. Later transportation would result in sugar loss. Milling seasons starts from November 
to March.  
 
Fig. 2.6 Harvesting sugarcane by manual 
 
Fig. 2.7 Harvesting by sugarcane harvester 
2.3.1.5 Rotary cultivator 
Rotary tillers are tillage tools, which receive power in more than one manner. This machines 
offer a great advantage in manipulating the soil by virtuely reduced the draft requirement and 
greater versatility. When the draft requirement is low, soil compaction is reduced as tractors 
selected, can be of loss mass, since at least a part of the tractor’s output is utilized through 
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non-tractive means. Rotary cultivator was used for shallow tillage and preparation of soil 
without using other implements. Peripheral speed of a rotary cultivator must be adapted 
according to the type and state of soil. Drums are placed on both end bearings of the shaft and 
driven by means of spur gear, reducing the revolution of PTO shaft. The drum of the rotary 
cultivator protected by a casing from above and the back in order to prevent the cutoff soil 
slices from being thrown backward too far. For this purpose, an adjustment iron sheet screen 
is hinged to an iron sheet casing (Bernacki et.al, 1972).  
Hendrick and Gill (1971) reported that the tilling depth of modern tractor-pulled rotary 
cultivators was 15 to 18 cm and only in some models it went up to 23 cm. The feed of each 
blade used in tilling a moist and soddy soil determined the size of the soil clods left on the 
field surface. In modern rotary cultivators, feed various from 5 to 12 cm. The engine power 
required for the operation of rotary cultivators depended on the properties of the soil under 
tillage, the translator velocity of the rotary cultivator, the shape of the working members, the 
value of feed, and the tilling depth. In order the weight and principle dimensions of the drum 
to be small, the low torque and excessive pushing of the tractor by the rotary cultivator must 
be avoided. The drum diameter should be as small as possible. The rectilinear motion of a 
rotary cultivator and the torque were largely depended on arrangement of the blades on the 
drum.  
2.4 Oil Palm Situation in Thailand 
The oil palm yield area was 0.64 million ha in 2014 or increased by 6.27 % because the new 
planted area in 2012 was first produced. The production was 11.02 million tons which 
decreased from 12.47 million tons in 2014 or decreased by 11.68%. The yield per ha was 
16,100 kg which decreased from 19,375 kg in previous year or decreased by 16.9%. The 
decreased yields were resulted from a great number of little bunch oil palm from the first year 
in northern and north eastern region and the declined of the bunch of oil palm fruits was due 
to the dry spell in central and southern region (OAE, 2016).  
2.4.1 Practical Features of Oil Palm Production in Thailand  
Thailand is the third world largest oil palm producer after Indonesia and Malaysia. In 
Thailand, oil palm producers are divided into 4 groups: land holder; smallholder farmers, 
cooperatives and self-help land settlement members, and commercial companies. Most of 
producers are smallholder farmers where each household has a plantation area approximately 
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1.6 to 3.2 ha. The main problem of oil palm production in Thailand is related to the 
productivity such as farmer’s lack of knowledge in oil palm management, low quality of 
seedling, lack of funds and low rainfall level.  
2.4.1.1 Oil palm harvesting  
Traditionally, Thai oil palm growers employ tools such as chisel and sickle to laboriously 
harvest the oil palm bunch. The chisel was normally used for primary stage (3-8 years old) of 
oil palm and the sickle used for oil palm over 8 years old. The usage of chisel and sickle for 
oil palm harvesting was shown in Fig. 2.8 and 2.9. 
 
Fig. 2.8 Oil palm harvested by conventional chisel 
 
Fig. 2.9 Oil palm harvested by conventional sickle 
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Chapter 3 
Factors Influencing Machinery Selection for Land Preparation 
in Paddy Field 
3.1 Introduction 
In Thailand, rice is one of the most important economic crops. Approximately 75% of rice is 
grown in rain-fed areas and only 25% in irrigated areas (Chamsing and Singh, 2000). In 
recent years, total national rice production in Thailand has been approximately 32 million 
tons, with an average yield of 3,000 kg/ha (OAE, 2014). There are 10.8 million ha of 
cultivated area in Thailand; fields in the central alluvial region are cultivated intensively. Rice 
covers a major part of the region (1.8 million ha) during the rainy season (OAE, 2014). The 
topography of the central region is flat, and some parts of the region become flooded for 
many months during the rainy season (Isvilanonda, 2000). Climate in the central plain 
follows the tropical monsoon pattern, with an average temperature of 28.3°C to 29.8°C. The 
average annual precipitation rate is between 110 and 126 cm. Most of the rainfall occurs 
during August and November each year (OAE, 2014). 
The most common rice cultivation method involves wetland tillage. The traditional method of 
tillage for lowland rice commprises plowing and then puddling in order to break the soil into 
smaller particles. Wetland tillage consists four phases: land soaking, in which water is 
absorbed until the soil is saturated; plowing, which is the initial breaking and turning over of 
the soil; followed by harrowing, in which large clods of soil are broken down; and lastly, 
puddling with water, to create a layer of soft mud, which often overlies a dense plow pan 
(Sutthiwaree, 2005) and break down soil aggregates into micro-aggregates and individual 
particles (Sutthiwaree, 2005; Chamsing, 2007). Lowland rice soils are characterized by a high 
bulk density layer, a hard pan approximately 5 cm thick beneath the cultivated layer, which is 
approximately 20 cm deep (Kirchhof et al., 2000; Ringrose-Voase et al., 2000).  
In Thailand, paddy field soil can be classified into three conditions based on plow pan 
hardness: a normal condition with a cone index of 392 kPa and a thickness of 10 to 15 cm 
(Sakai, 1998; Salokhe and Ramalingam, 2001); a soft condition with a cone index of 200 to 
400 kPa and a thickness of 0 to 15 cm (Eamopas and Gee-Clough, 1987); and a swampy 
condition with a cone index of less than 100 kPa and a thickness of 0 to 30 cm (Senanarong 
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et al., 2005). In swampy conditions, soil strength at above 10 cm layer becomes weak after 
flooding (Ananto et al., 1998) and is vulnerable to destruction by puddling. For machine 
tillage, the soil condition creates problems of traction, maneuverability, and machine 
immobilization (Salokhe and Gee-Clough, 1987). These conditions become serious when 
fields are not allowed to dry up after harvest, which is often the case in intensively cropped 
fields.  
Thailand, almost all swampy areas are located in the central plain, covering 20% of the total 
cultivatable area, or 0.4 million ha (Piromkin, 2010). Most of the earlier studies only 
investigated the development of proper machinery system that suitable use for the land 
preparation in swampy areas. However, there is no guidelines exist for machinery system 
selection. Intensive use of machine to prepare land can destroy the soil structure, and usually 
the plants have insufficient time to rejuvenate soil conditions (Fig. 3.1). Moreover, proper 
primary tillage and puddling are required to prepare paddy land. The plowing equipment 
includes various kinds of moldboard plows, disc plows, and rotary tillers. Puddling 
equipment includes puddling rakes, puddling rotors, and cultivators.  
 
Figure 3.1 Working in swampy areas 
The main objective of this study is to determine a machinery system that is best suitable for 
swampy land preparation by considering the reasonable alternatives for farmers in the 
swampy areas of Thailand. 
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3.2 Materials and Methods 
A multi-stage stratified random sampling approach was employed to select a study area in the 
central of Thailand, and the six provinces: Ayutthaya, Suphanburi, Angthong, Chainat, 
Chachoengsao, and Nakhonpathom were selected. The data were collected from 96 farmers 
(1,056 ha). The total area of the survey covered 523 million hectares. The study areas 
selected for interviews are shown in Fig. 3.2. 
 
Fig. 3.2 Study areas and the central region of Thailand 
3.2.1 Survey of Land Preparation Using Machinery 
Our questionnaire was designed to collect two kinds of information from farmers: general 
information regarding the farmer, including their personal history, bio-data of family 
members, land ownership, machinery ownership, capital investment; and information related 
to the problems, constraints, and needs of land preparation.  
3.2.2 Evaluation of Land Preparation Using Machinery  
Machinery use based on its power source was categorized to conduct an evaluation of 
machinery performance through the use of RNAM test codes and methods for farm 
machinery. The field experiments were conducted with five replications and the following 
four machinery data for field capacity, field efficiency, and fuel consumption were analyzed.  
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3.2.2.1 Two -wheel tractor attached with moldboard plow and puddling rotor (TMP) 
In this system, the soil is softened by flooding the bunds for three to five days and the 
moldboard plow attached to two-wheeled tractor is used for primary tillage. This is followed 
by puddling for several days, using a two-wheeled tractor attached with puddling rotor (Fig. 
3.3). This system is commonly used by farmers who have their own two-wheeled tractor.  
  
 
 
Fig. 3.3 Machinery system (TMP) uses for primary tillage operation at the central region of Thailand 
3.2.2.2 Tractor attached with rotary tiller and two-wheeled tractor attached with puddling 
rotor (TRP) 
In this system, the soil is softened by flooding the bunds for three to five days and the rotary 
tiller attached to tractor is used for primary tillage. This is followed by puddling for several 
days using a two-wheeled tractor attached with puddling rotor (Fig. 3.4). A contractor is 
usually hired for primary tillage, whereas farmers typically use their own two-wheeled tractor 
for puddling.  
 
 
(a) Two-wheeled tractor attached with 
moldboard plow for primary tillage. 
 
(b) Two-wheeled tractor attached with 
puddling rotor for puddling 
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Fig. 3.4 Machinery system (TRP) uses with tools and equipment for primary tillage operation at the 
central region of Thailand 
3.2.2.3 Tractor attached with rotary tiller and rake (TRR) 
In this system, the soil is softened by flooding the bunds for three to five days and the rotary 
tiller attached to the tractor is used for primary tillage. This is followed by puddling for 
several days using a tractor-attached with rake (Fig. 3.5). Usually, the farmers use their own 
tractors for both primary tillage and puddling operations. 
 
 
Fig. 3.5 Machinery system (TRR) uses with tools and equipment for primary tillage operation at the 
central region of Thailand 
 
 
 
(a) Tractor attached with rotary tiller for 
primary tillage 
(b) Two-wheeleded tractor attached with 
puddling rotor for puddling 
(a) Tractor attached with rotary tiller for 
primary tillage 
(b) Tractor attached with rake for puddling 
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3.2.2.4 Track tractor attached with rotary tiller and two-wheeled tractor attached with 
puddling rotor (TTP) 
In this system, the soil is softened by flooding the bunds with water for three to five days and 
the rotary tiller attached to track tractor is used for primary tillage. This is followed by 
puddling for several days using a two-wheeled tractor attached with puddling rotor (Fig. 3.6). 
Although primary tillage is done by contractors, sometimes it is operated by farmers who 
have their own two-wheeled tractor. 
 
 
Fig. 3.6 Machinery system (TTP) uses with tools and equipment for primary tillage operation at the 
central region of Thailand 
3.2.3 Direct energy inputs 
According to Bowers (1992), the energy consumption of physical energy resources for 
physical tasks during field operations is defined as the direct energy input. In agricultural 
field operations, fuel is by far the most consumed energy source. Human labor, draft animal 
and mechanical power sources, among other physical energy inputs, are considered direct 
energy inputs. The energy equivalents of these power sources are presented below. 
3.2.3.1 Human labor:   
In connection with human labor, human muscle power is a primary input for physical tasks in 
cropping activities. Human power of 74.6 W (0.1 hp) is considered to be acceptable, 
according to Singh and Singh (1992). 
 
 
(a) Track tractor attached with rotary tiller for 
primary tillage 
(b) Two-wheeleded tractor attached with 
puddling rotor for puddling 
22 
 
3.2.3.2 Mechanical power sources:  
Based on a study on energy consumption (Singh and Anuchit, 2000), there were factors, such 
as weather, soil type, and depth of tillage, impacting the consumption of energy during farm 
operation, a calculation of mechanical energy inputs included information on fuel 
consumption and working hours of mechanical power sources for different farm operations 
gathered from field surveys of individual farmers, as a result.  In addition, the average and 
estimated value based on type and size of mechanical power source gathered from the field 
survey was adopted where there was the use of hired machinery or data on fuel consumption. 
In the study Singh and Anuchit (2000), the calculation employed the energy equivalent values 
of fuel (42.32 MJ/L for gasoline fuel and 47.78 MJ/L for diesel), which are inclusive of net 
energy value and energy sequestered to mining, refining and transportation (Cervinka, 1980). 
Table 3.1 demonstrates mechanical power sources and implements for crop production 
commonly used.         
Table 3.1 Average rated power of mechanical sources in Thailand 
Power source 
Average rated power (kW/unit) Range 
Power tiller 14.8 Rating  12.7-15.4 kW 
Tractor <  45 hp 29.5 Rating  29.5-56.3 kW 
Tractor >  45 hp 87.1 Rating  53.6-113.9 kW 
Irrigation pump 6.7 Rating  4.7-10.7 4 kW 
Power thresher 120.6  Rating  9.8-160.9 kW 
Power sprayer 2  Assumed  2 kW 
Rice combine harvester 227.9 Rating   194.4-261.4 kW 
Source: Singh and Anuchit (2000) 
3.2.3.3. Physical energy input  
Only direct physical energy inputs: human labor and mechanical power sources, were used as 
energy inputs during farm operations; and the summation of energy inputs from human labor, 
draft animal and mechanical power sources was based on a calculation of total physical 
energy input for each farm operation.   
3.2.3.4 Labor energy input 
Labor energy input (MJ/ha)                                                                                         (3.1) 
Where Lf and Lh is a number of family labor and hired labor (persons), wdlf and wdlh  is a 
number of working days for family labor and hired labor (days), whlf and whlh  is a number of 
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working hour for family labor and hired labor (h/day), Ap is a planted area (ha), l is the time 
for applying input for time l
th
  and  0.268 is the constant for unit conversion. 
3.2.3.5 Mechanical energy input  
Mechanical energy input in field operations (MJ/ha) 
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   (3.2) 
Where MFf and MFh is a fuel consumption rate of power source machine (L/ha) for owned 
and hired machine; Nmf and Nmh is a number of owned farm machine and hired machine, 
respectively; wdmf and wdmh  is a number of working days of owned farm machine and hired 
machine (day), respectively; whmf and whmh is working hours for owned farm machine and 
hired machine (hr/day), respectively; Feq is the energy equivalent of fuel (MJ/L), 42.32 MJ/L 
for gasoline and 47.78 MJ/L for diesel (Cervinka, 1980); and Ap is a planted area (ha). 
3.2.4 Energy Require for the farming operation 
The energy requirement from the farming operation includes energy from human or draft 
animal, Irrigation, fertilizer and pesticides. These have been expressed in the following 
manner: 
3.2.4.1 Energy for the human labour/DA/PT 
The Mathematical expression for the energy from the human labour/DA/PT is given by  
EREQ = N x O x C   (3.3)   
Where EREQ is the Energy available or consumption from human labour hp-hr/ha or MJ/ha, 
N is the Number of human/Animal/PT (No/unit), O is the Use or operating time for the 
operation, hr and C is the Energy Coefficient, (MJ/Kg).  
3.2.4.2 Energy from Irrigation  
The energy used for the irrigation was estimated by the following expressions 
Ei = F x C    (3.4) 
Where Ei is the Energy used for the irrigation (MJ) F is the Fuel consumption (kg/hr) and C is 
the Energy Coefficient (MJ/kg).  
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3.2.4.3 Energy for fertilizer and Pesticides 
The energy for fertilizer and pesticides both can be find out by the same manner, that was 
illustrated below: 
Ec = (N x Cn) +(P x Cp )+( K x Ck)    (3.5) 
Where Ec is the Energy consumption from the fertilizer and pesticides, N,P and K is the 
amount of N, P and K, fertilizer used, Kg Cn, Cp and Ck  is the energy coefficient of N P and K 
(MJ/Kg).  
3.2.4.4 Energy Output from Rice Production  
The output Energy was calculated from the production of rice and estimated in this study on 
the basis of the sum of total rice grain and straw production. In order to find the total output 
energy for rice grain and straw is multiplied by their energy coefficient and added together. 
The energy was estimated by the following expressions.  
Eout = (R x Cr) + (S x Cs )      (3.6) 
Where R and S is the total amount of rice grain and straw production, ton/ha Cr and Cs is the 
energy coefficient of rice and straw MJ/kg. 
3.2.4.5 Energetic Efficiency Ratio 
The energetic efficiency of the rice production is used as an efficiency ratio, which is the 
output energy from the rice grown in MJ divided by MJ of energy expanded as total input to 
attain that yield. The definition does not include the photosynthetic energy utilized by the 
plants.  
      
                                 
                                    
       (3.7) 
3.2.5 Economic Analysis of the Land Preparation Systems 
In 1995, Hunt (1995) conducted an economic analysis to determine the break-even point by 
using net income for a two-wheeled tractor, tractor and track tractor and all their implements 
individually. Details are explained below. 
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3.2.5.1 Two-wheeled tractor, tractor and track tractor and implementation cost 
The details of the sample tractors and their implements were collected; and their costs were 
divided into two groups: fixed costs, which include annual depreciation, interest, taxes, and 
shelter charge; and variable costs, which include fuel, oil, lubricants, maintenance, repairs, 
and labor costs.  
3.2.5.2 Fixed costs 
3.2.5.2.1 Optimum power requirement  
Optimum power can be obtained by differentiating the total annual tractor cost setting equal 
to zero and solving for (HPT)opt  usual method of cost minimization  (Ahamed et al., 2001). 
TANC = ANFC+ANOP+ANTC  (3.8) 
3.2.5.2.2 Annual fixed cost  
Annual fixed cost includes tractor fixed cost and tractor operated implement fixed cost and is 
given by:  
3.2.5.2.3 Tractor fixed cost 
Annual tractor fixed costs include depreciation, interest, tax, insurance, and shelter.  
                  
     
    
     
             
 
  
            
 
    
   
    
   
             
 
      (3.9) 
3.2.5.2.4 Tractor powered implements fixed cost 
The annual fixed cost of the tractor-powered implement includes depreciation, interest, tax 
and shelter and is given by: 
                      
        
     
  
            
 
  
            
 
    
   
    
   
            
 
          (3.10) 
3.2.5.2.5 Annual operating cost 
Annual tractor operating costs includes tractor operating cost and tractor powered implement 
operating cost. 
3.2.5.2.6 Tractor operating cost 
Tractor operating cost is made up of labour, fuel, oil and repair and maintenance. Expressing 
labour cost as a function of required working hours, and the other as specific functions of the 
hourly tractor use is given by:  
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3.2.5.2.7  Tractor powered implement operating cost 
The annual tractor powered implement operating cost is negligible for rotary tine operation in 
power puddler, hence, in this study it is not considered. 
3.2.5.2.8 Timeliness 
Annual timeliness cost in the usual way is the penalty for completing field operations beyond 
the optimum calendar period.  
                                
           
              
             
                 
     
                           (3.13) 
Where ANFCi is the Annual fixed cost for the operation ($), ANOCi  is the Annual operating 
cost for the operation, ANOP is the Annual operating cost, ANTC  is the Annual fixed cost 
for the operation, DPWIi  is the Draft per unit width of implement for operation (KN/m
2
), 
ELFli  is the Economic life of implement (yrs), ELFT is the  Economic life of tractor (yrs), 
EREQi  is the Energy required for the operation (hp-hr/ha), FIEFi is the  Field efficiency of 
the operation,  FMSZ is the Farm Size ha, HPT is the horse power of the tractor (hp), IRT is 
an interest rate of tractor per year (decimal), LCPDi is the Labour cost per day for the 
operation. ($/hr), LCPH is the  Labour cost per hour for transport operation ($/hr), OPWHi is 
the Optimum working hours for operation (hr), PHPT is the Price per unit horse power of the 
tractor ($/hp), POIL is the Price of the oil ($/L), PPWli is the Price per width of the 
implement (S/hr), REWHi is the Required working hour for operation (hr),RI is the Interest 
rate on tractor per year (decimal), RIT is the Insurance rate per year on tractor per year 
(decimal), RMFi is the Repair and maintenance for the implement, SC is the Shelter charge 
per year (decimal), SCI is the Shelter charge for implement, SCT is the Shelter charge for 
tractor, SPDi is the speed of for the operation (km/hr), SPDli is the Speed of for the operation 
(km/hr), SPFC is the Specific fuel consumption of tractor (L/hp/hr), STR is the Sales tax rate 
(decimal), SVF is the  Salvage value factor (decimal),  TANC is the Total annual cost ($),  
TCPH is the tractor cost per hour ($/hr), TTi is the tractive and transmission coefficient 
(decimal), VCRP is the value of crop return ($/kg), Wi is the width of the implement (m), 
WHPDi is the Work hour per day for operation. (hr/day). 
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3.3. Results and Discussion 
3.3.1 General information 
The primary data were collected through a field survey by using a questionnaire distributed to 
96 farmers from six provinces, covering an area of 1,056 ha. The study area and a number of 
respondents are presented in Table 3.2. 
Table 3.2 Area and number of interviewed farmers 
Province Number 
Angthong 3 
Ayutthaya 7 
Chainat 10 
Nakhonpathom 17 
Chachoengsao 28 
Suphanburi 31 
Total 96 
Fig. 3.7 shows that the average total numbers of family members who involve in farming 
were two to six persons per household. However, approximately only two persons were 
active in the field. This is in consistent with the study of Chamsing (2007), who found that 
the average household size in the central plain was two to five persons per family and two 
persons were active in the field. Other farming family members were either too young, 
attending school, or worked in other sectors viz. industry, services, and construction. This 
resulted in labor shortages for most farms, in consistent with the findings of the FAO (1991), 
Chamsing (2007), and Grandstaff et al. (2008). For many or all of the farm activities, an 
observation of a contractor hire system was conducted (Ruangrungchaikul, 1996; Chamsing, 
2007; Grandstaff et al., 2008). Farm sizes of the surveyed areas was varied from 0.6 to 15.6 
ha per household and the average land ownership was 5.4 ha per household (Table 3.3). Only 
27% were owner households, 33% were owner-and-tenant, 37% were tenant farmers, and 3% 
had no paddy fields owned by them. The proportion of land ownership in each province is 
shown in Fig. 3.8. The majority of farmers have their own 7.1-8.6 kW two-wheeled tractor, 
and another 5% have a 16.4-31.3 kW tractor. Other types of machinery included stationary 
pumps, sprayers, and trailers (Fig. 3.9).  
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Typically, the farmers use a two-wheeled tractor for preparing the land, powering the pumps, 
threshing, and transportation (Ruangrungchaikul, 1996). The main source of investment 
funds for rice cultivation is farmers’ own savings. However, the survey revealed that more 
than 66% of the farmers could not afford their cropping operation, hence need to borrow cash 
or materials (such as seeds, fertilizer, and herbicide) from the agriculture banks or 
cooperatives. The average farm size of the farmers showed in Table 3.3.  
Table 3.3 Average Farm size per household in each province (ha/household) 
 
Angthong Ayutthaya Chainat Nakhonpathom Chachoengsao Suphunburi 
Number 3 7 10 17 28 31 
Min 0.8 2.4 0.8 0.8 1.6 0.6 
Max 4 15.6 14.5 8 8.8 12.8 
Average 2.9 6.6 8 4.6 5.2 4.9 
 
Fig. 3.7 Size of farming family and number of family members active in the field 
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Fig. 3.8 Proportion of land ownership in each province 
 
Fig. 3.9 Types of machinery 
From the interviews, though all the farmers encountered with the swampy conditions, 
however the problem did not affect the entire field.  
Swampy areas are among the most difficult conditions where vehicles are expected to be 
operated (Senanarong et al., 2005). Senanarong et al. (2005) demonstrated that the 
mechanization of land preparation is crucial to shortening a turnaround time between crops in 
the double cropping of paddy. Mechanization can shorten the period between harvesting the 
crop and planting the next new crop. However, because of the problems posed by large 
machine traffic, land preparation becomes difficult.  
 
0% 20% 40% 60% 80% 100% 
Total 
Ayuthaya 
Chainat 
Angthong 
Owner household 
Owner and tenant 
Tenant farmers 
No farm household but free farm  
90% 
5% 
2% 1% 
1% 
1% 
Two wheels tractor 7.1-8.6 kW 
Tractor  
Stationary pump 
Sprayer 
Tailer 
etc 
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3.3.2 Cropping Systems 
Our survey found that, in Thailand, farmers in irrigated areas try to grow more than two rice 
crops per year. Studies by Sngiamphonge (2000) and Sutthiwaree (2005) found that in 
irrigated areas, farmers always grew two to three crops per year. The first crops season is 
usually from April to July, the second season is from August to November, and the third 
season is from December to March (Fig. 01.3). 
 
Fig. 3.10 Rice cultivation period in the central region of Thailand 
3.3.2.1 First crop 
Planting of the first crop season starts in mid-April and harvested by mid-July. Non-
photoperiod-sensitive varieties of modern rice such as Suphanburi 60, Chainat 1, Khongluang 
1, and Pathumtani were chosen to be grown in this first season. The production cycle for the 
first cropping season is approximately 120 days, which includes harvesting. Primary tillage of 
the first crop season starts immediately after the first rain. Puddling is conducted three to 
seven days after primary tillage. Fig. 3.10 shows the rejuvenation period before primary 
tillage in a two-cropping system. After the harvesting season (from the end of November to 
mid-April), farmers leave straw and stumps on the fields until the rainy season starting at the 
early period of the cultivating season, in April. There is no problem of swampy conditions 
because the fields are left alone for a long time. For this reason, farmers always use their own 
two-wheeled tractor for primary tillage and puddling in a two-cropping system. In the three-
cropping system, the rejuvenation period after the third cropping season is only 10 to 15 days, 
lasting from the end of March to mid-April. Therefore, farmers burn the straw and stumps 
and pump water into the fields. The fields are left for two to three days to ferment the straw 
and stumps. After primary tillage, puddling is done for three to seven days. Since the 
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available time is very limited, therefore farmers always hire a contractor for both primary 
tillage and puddling for a three-cropping system. 
 
Fig. 3.11 A cage wheel used in swampy conditions and the other used in normal conditions 
3.3.2.2. Second crop 
The second cropping season starts from August to November. Primary tillage for the second 
crop is done after burning the straw and stumps. Then, the field is watering by using a pump. 
The fields are left fallow for two to three days to allow the straw and stumps to ferment. 
Puddling is conducted three to seven days after primary tillage. The distribution of machinery 
system use for TMP, TRP, TRR, and TTP were 31.2%, 18.8%, 5.2%, and 44.8% respectively 
(Table 3.3). The rice planted for this second season was a photoperiod-sensitive variety 
(Phisanulok 60–1 and Pathumthani 60). Photoperiod-sensitive varieties are well suited to be 
grown in the rainy season (Ruensuk, 2015). The rice production cycle is 90 days from 
planting to harvesting.  
The fields often have swampy conditions because the rejuvenation period is short and the rice 
fields receive a large volume of rainfall. Farmers usually modify their two-wheeled tractor by 
changing the rubber wheels to cage wheels. The cage wheels assist the two-wheeled tractor in 
soft soil conditions. The height of a cage wheel for normal soil conditions is 65 cm, but 
farmers change it to 80 cm height under the swampy conditions (Fig. 3.11). Increasing the 
diameter of the cage wheel to reach the hard pan can improve the performance in puddled soil 
(Bernado, 1990). In flooded soil conditions, cage wheels exerted three times more pull, as 
compared with tires; and in wetland conditions, cage wheels was proven to be the most 
effective traction aid (Hendriadi and Salokhe, 2002). 
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3.3.2.3 Third crop 
The third cropping season starts from December to March. Primary tillage of the third crop is 
conducted after burning the straw and stumps. Then, the field is watering by using a pump. 
The field is left for two to three days to ferment the straw and stumps. Puddling is done for 
three to seven days after primary tillage. The percentages of machinery system use under 
TMP, TRP, TRR, and TTP were 10.8%, 13.8%, 6.2%, and 69.2% respectively (Table 3.4). 
The rice chosen for the third season is from the non-photoperiod-sensitive varieties, such as 
Chainat 1, Pathumthani 1, and Chainat 80. The rice production cycle is approximately 120 
days (Ruensuk, 2015). Swampy conditions often occur in the fields because the rejuvenation 
period is short. Continuous puddling, flooding, leveling, and planting in the cropping 
intensification practice decreases the soil’s bearing capacity. Decreased soil strength 
eventually leads to an increase in the depth of the hardpan. This change in soil environment 
creates mobility problems, which hinder machine operation. In Thailand’s central plains, 
third cropping season starts in the winter. This makes the farmers to hire contractors for 
preparing the land (TTP system). 
Table 3.4 Land preparation system by area in each crop production season 
Area 
(ha) 
TMP TRP TRR TTP 
Cr1 Cr2 Cr3 Cr1 Cr2 Cr3 Cr1 Cr2 Cr3 Cr1 Cr2 Cr3 
0.64-1.6 9 8 6 - - - - - - - 1 1 
1.76-3.2 15 5 - 1 6 5 - - - 3 8 8 
3.36-4.8 18 6 1 2 2 1 2 2 1 5 17 11 
4.96-6.4 11 4 - 1 5 - 1 1 - 2 5 9 
6.5-8 10 3 - 2 3 1 2 2 1 3 9 15 
> 8 4 4 - 2 2 2 - - 2 3 3 1 
% 69.8 31.2 10.8 8.3 18.8 13.8 5.2 5.2 6.2 16.7 44.8 69.2 
 
Note: Cr means cropping season 
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3.3.3 Evaluation of Land Preparation Machinery  
Table 3.5 Field capacity, field efficiency, and fuel consumption for each land 
preparation system 
System Process Machinery 
Field 
capacity 
(machinery), 
ha/h 
Field 
capacity 
(system), 
ha/h 
Field 
efficiency, 
% 
Fuel 
consumption 
(machinery), 
L/ha 
Fuel 
consumption 
(system), 
L/ha 
TMP 
Primary 
Tillage 
TWM 
 
0.2 
0.07 
85.8 6.6 
25.1 
Puddling TWP 0.1 - 18.5 
TRP 
Primary 
Tillage 
 
TR 
 
        0.5 
0.15 
79.2 16.5 
25.9 
Puddling TWP 0.2 - 9.4 
TRR 
Primary 
Tillage 
TR 0.5 
0.29 
77.6 16.5 
26 
Puddling TRRA 0.6 - 9.5 
TTP 
Primary 
Tillage 
TTR 
 
1.3 
0.21 
72.0 23.8 
33 
Puddling TWP 0.2 - 9.2 
Note: Field capacity (system) means the total field capacity of the primary tillage and 
puddling. 
3.3.3.1 Field capacity 
The TRR represents the highest field capacity (system) of 0.29 ha/h (Table 3.5). Both 
machine used for primary tilling and puddling had high field capacity, which is consistent 
with the studies of Chamsing and Singh (2000) and Chamsing (2007). Therefore, land 
preparation using the TRR system was completed within a short period. In contrast, the TTP 
system in primary tillage has the highest field capacity of 1.3 ha/h. However, the field 
capacity of the puddling used in swampy conditions was low (0.2 ha/h). Therefore, the total 
field capacity (system) of the TTP is low. To reiterate, the primary tillage in the TMP and 
TRP systems under swampy conditions manifested field capacities of 0.2 ha/hand 0.5 ha/h, 
respectively. In addition, the field capacity of puddling is slightly different because of the soil 
clods that developed during primary tillage. The field capacity of TRP used for puddling is 
higher than that of the TMP (0.2 ha/h and 0.1 ha/h, respectively) because the rotary tiller used 
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in TRP produced smaller soil clods, and the soil conditions developed by the rotary tiller are 
similar to those created by plowing and harrowing. 
3.3.3.2 Field efficiency 
Table 3.5 shows that TMP has the highest field efficiency (85.8%) during primary tillage. 
The two-wheeled tractor attached with a moldboard plow had high efficiency during primary 
tillage because of the ease of maneuverability. A wooden board was used with this machine, 
and a man stood on the board when working instead of walking behind it. The traveling speed 
of the two-wheeled tractor could be increased and this shortened the time spent for land 
preparation. Field efficiency of the puddling could not be measured because the process was 
conducted in the same area for two to four times, depending on the soil clod size from 
primary tillage (Suttiwaree, 2005). 
3.3.3.3 Fuel consumption 
The TMP system has the lowest field capacity (0.07 ha/h) and fuel consumption (25.1 L/ha). 
Fuel consumption (system) of TMP system is different from the TRP and TRR systems. Both 
TRP and TRR were using contract-hiring systems for primary tillage. The fuel consumption 
of TRP was not high and the field capacity (system) was about half of that of TRR. Although 
TTP had the highest fuel consumption, its field capacity (system) was relatively low. In 
primary tillage, the fuel consumption of the TRP was 2.5 times higher than the fuel 
consumption of TMP. However, the fuel consumption of the TMP system is two times higher 
than the fuel consumption of TRP in puddling. The reason is that the rotary tiller in TRP 
produced smaller soil clods. The soil conditions developed by the rotary tiller were similar to 
those created by plowing and harrowing. 
3.3.4 Mechanical Energy Input 
From table 3.5, to calculate the equation 3.2. The mechanical energy input of each land 
preparation system showed in Table 3.6.  
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Table 3.6 Energy Input and output for rice production in irrigated rice with different 
land preparation system in Thailand. 
 
Energy 
Consumption 
(MJ/ha) 
Process   
 
    Total    
  (MJ/ha) 
Land 
preparation 
Planting             Cultural Practice  
Harvesting 
 
Grinding Chemical 
Fertilizer 
Organic 
Fertilizer 
Chemicals 
Direct Energy 
Input 
       
Labour 40.75 3.06 11.0 5.3 16.0 5.6 81.71 
Fuel Diesel - - - - - 500 - 500 
 Gasoline - - - - - - -  
 Electicity - - - - - - 1,426.6 1,426.6 
 
 
Machinery 
TMP  
10,416 
- - - - 5,830.2 - 5,830.2 
TRP  
3,822.1 
- - - - - - - 
TRR   
2,330 
- - - - - - - 
TTP  
3,073.49 
- - - - - - - 
Indirect Energy 
Input 
-        
Seed - 940.38 - - - - - 940.38 
Fertilizer - - 2,375  - - - 2,375 
Organic Fertilizer - - - 35 - - - 35 
Chemical - - - - 153.1 - - 153.1 
 
Total energy 
input (MJ/ha) 
TMP 10,456.75 943.44 2,386 35 158.4 6,346.2 1,432.2 21,758.0 
TRP  
3,862.85 
943.44 2,386 35 158.4 6,346.2 1,432.2 15,164.1 
TRR 
2,370.75 
943.44 2,386 35 158.4 6,346.2 1,432.2 13,672.0 
TTP 
3,114.24 
943.44 2,386 35 158.4 6,346.2 1,432.2 14,415.5 
Total energy 
output (MJ/ha) 
       81,308.2 
 
 
EPR 
TMP 
TRP 
TRR 
TTP 
3.74 
5.36 
5.95 
5.64 
The EPR of the land preparation system TMP, TRP, TRR and TTP are 3.74, 5.36, 5.95 and 
5.64 MJ/ha respectively.  
3.3.5 Economic Analysis of the Land Preparation systems 
It was assumed that there were 120 working days per year for using machinery (eight hours 
per day). The systems of land preparation based on the machinery used are shown in Table 
3.7. The cost of using machine per area was decreased due to increase of total annual uses of 
machines. 
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Table 3.7 The break-even points per crop of the different land preparation systems 
 
System 
                             Break-even point, ha/year 
Machine owner Hire contractor 
2 crops per 
year
 
3crops per 
year
 
2 crops per 
year
 
3crops  
per year
 
TMP 4.89 3.26 - - 
TRP 77.39 51.66 2.38
*
 1.59
* 
TRR 30 20 - - 
TTP 113 75.3 2.38
* 
1.59
* 
Note: 
*
Hiring a contractor for primary tillage and using their own machine for puddling. 
The economic analysis of each land preparation system and the methods of choosing the best 
machinery to use in the field were explained below: 
3.3.5.1 TMP 
In this system, farmers used their own machine for both field activities and operated by 
themselves. Having a suitable farm size for this system will make it a reasonable investment 
to buy all the machines (two-wheeled tractor, moldboard plow, and puddling rotor). It would 
be profitable to own this machinery system if the farmer has at least 4.89 ha of land for two 
crops per year or 3.26 ha of land for three crops per year (Table 3.7). If the farm is smaller, 
the farmer is advisable to use a contractor instead of hiring a new worker because the cost per 
unit area is lower than the investment of buying the machines. 
3.3.5.2 TRP 
In this system, the farmers hired the contractor for primary tillage and usually used their own 
two-wheeled tractor attached with puddling rotor for puddling the field. It would be a 
reasonable investment for the farmers to buy all machinery (tractor, rotary tiller, two-wheeled 
tractor, and puddling rotor) for both activities, if they own at least 77.39 ha of land for a two- 
cropping operation or 51.66 ha for a three-cropping operation per year (Table 3.7). If the 
farm is smaller, it is better to use a contractor hire system, because the cost per unit area will 
be lower than the investment for buying the machines. 
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3.3.5.3 TRR 
A farmer should own at least 30 ha of land for a two-cropping operation or 20 ha of land for a 
three-cropping operation to make it profitable to buy this machinery system. Having a latter 
land size will be reasonable investment to buy all the machines (tractor, rotary tiller, and 
rake) (Table 3.7). If the farm is smaller, it is advisable to hire a contractor because of the 
lower cost per ha. However, in this system, most farmers decided to buy all of the machines 
for working in their own field. Once they finished using the machines, they will rent it to 
their neighbors. 
3.3.5.4 TTR 
Owning this machinery system was not feasible based on the investment costs. It was found 
that all farmers had two-wheeled tractors and that farmers could use TRP and TTP. In this 
case, the farmers should hire a contractor for primary tillage and use their own machines for 
puddling. TRP and TTP were suitable if the land size was at least 2.38 for two cropping 
operations per year. Therefore, the land size should be less than 1.59 ha for TRP and TTR 
systems while practicing three cropping operations per year (Table 3.7). 
For the expect of economic analysis, which covered four patterns of machinery arrangements 
for land preparation systems, it is found that the major criteria for selecting land preparation 
machinery for working in swampy paddy fields were land size and the number of cropping 
operations per year. The plow pan layer was one of the main problems in the swampy areas 
due to frequent uses of large machines. This traffic problem can be minimized by soil drying 
time between two consecutive cropping periods. Increasing the soil dying time, however, 
lengthens the turnaround time. The ease of maneuverability in machine uses was required for 
land preparation: an implement such as a power puddler had to be attached to the two-
wheeled tractor instead of moldboard plow and puddling rotor.  
3.4. Conclusions 
This study aimed to determine the best way to use machinery system for land preparation for 
rice cultivation in swampy areas of Thailand. The survey was conducted using a 
questionnaire in the selected study areas (six provinces) in central region of Thailand. The 
data were collected from 96 farmers who own a farmland, covering 1,056 ha. In these areas, 
the machinery systems used was categorized by the power source of the four systems (TMP, 
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TRP, TRR, and TTP). The major criteria of selecting machinery system for land preparation 
were land size and the number of cropping operations per year. The survey also showed that 
average land ownership was 5.4 ha per household. The most suitable land preparation system 
in swampy areas found in this study was TMP. If the performance of the machinery system 
can improve by attaching a moldboard plow and puddling rotor to a two-wheeled tractor for 
primary tillage and puddling, it will be worth for the farmer to invest on it. 
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Chapter 4 
  Development of Power Puddler for Two-wheeled Tractor 
4.1 Introduction 
Agriculture in Thailand is considered as a household industry. Rice is the staple crop, with 
the total area under rice production covering 60% of the total cultivated land (Krishnasreni 
and Thongsawatwong, 2004). In particular, rice is relied upon both for domestic consumption 
and for exports (IRRI, 2006). Usually, only one crop is grown annually in rain-fed areas and 
two or three crops are grown in irrigated areas (Chamsing and Singh, 2000).  
Wet cultivation or puddling is a method for promoting transplanting of rice seedlings, 
minimizing water and nutrient loss, and controlling weeds. Puddling contributes to soil 
compaction and an increase in the bulk density, and generates the soil penetration resistance 
in sub-soils, thus resulting in a reduction of their permeability and water loss (Verma and 
Dewangan, 2006). Years of puddling activities in the same field for rice production can cause 
a strong hardpan beneath the puddling depth (Kukal and Aggarwal, 2003). This hardpan 
restricts water loss, reduces the percolation rate, extends the period of standing water with a 
given water input and hence increases rainfed lowland rice yield (Tsubo et al., 2007). 
Generally, an adequate depth for the puddling operation of a paddy field is between 10 to 15 
cm (Salokhe and Ramalingam, 2001). A typical two-wheeled tractor can be efficiently 
operated in areas with a cone index between 196 to 284 kPa, at approximately 15 to 20 cm of 
a certain thickness. As was confirmed by Sakai (1998), a plow-pan layer with typical soil 
hardness of 392 to 698 kPa cone index and a thickness of 10 to 15 cm can support men, 
animals, and machines. Two kinds of paddy fields that are disliked by farmers are: a field 
with irrigation water leakage, and a too deep for a paddy field (Sakai, 1998). To shorten the 
turnaround time between two consecutive cropping periods, a double or triple cropping 
pattern for rice cultivation is often used, which causes a swampy land condition. Swampy 
conditions refer to a plow pan layer of typical soil hardness with less than 100 kPa and a 
thickness of 0 to 30 cm (Senanarong et al., 2005).  
Many methods have been used to prepare paddy fields in Thailand. For example, a two-
wheeled tractor-attached with moldboard plow, a tractor attached with rotary tiller, or a track 
tractor attached with rotary tiller is widely used for primary tillage. Apart than that, the 
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machinery system used for land preparation during puddling includes a two-wheeled tractor-
attached with puddling rotor or a tractor-attached with rake (Chamsing and Singh, 2000). 
However, using machine to prepare land for puddling in wet conditions throughout the year 
can causes deterioration in soil structures. Also, this leads to deep hardpans in paddy fields, 
resulting in swampy areas.  
Chapter 3 of our study focused on the factors influencing machinery system selection for 
swampy areas. In Chapter 4, the study focused on how the performance of the two-wheeled 
tractor can be improved for preparing the land in swampy paddy fields. Machinery system is 
needed for both primary tillage and puddling operations. Thai farmers use puddling rotors 
with a working width of 160 cm for puddling (Sutthiwaree, 2005; Chamsing, 2007). 
Transforming a conventional puddling rotor into a power puddler is difficult because the 
power transmitted by the engine of a two-wheeled tractor cannot drive the puddling rotor 
directly due to the long distance from the engine to the power puddler (Chamsing, 2007). It 
required another engine. Fig. 4.1 shows a conventional puddling rotor used for puddling in 
the swampy areas. A new machine is required that can operate more smoothly in swampy 
areas with higher field efficiency. 
 
 
 
 
Fig. 4.1 Machinery Operation in the swampy areas located at the central regions of Thailand 
The objective of this study is to design an implement that can be attached to a two-wheeled 
tractor to ease the drudgery of land preparation. The new implement can be substituted for the 
usual moldboard plow and puddling rotor used for primary tillage and puddling in swampy 
areas. 
 
(a) A conventional puddling rotor used for 
puddling 
(b) A conventional puddling rotor 
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4.2 Materials and Methods 
A long-handled two-wheeled tractor is attached to the existing land preparation implement 
and tested in paddy fields in swampy areas (Fig. 4.2).   
 
Fig. 4.2 A long-handled two-wheeled tractor-attached power puddler 
4.2.1 Mechanization to design the working width of the power puddler 
4.2.1.1 Optimum power requirement  
Optimum power can be obtained by differentiating the total annual tractor cost setting equal 
to zero and solving for (HPT)opt usual method of cost minimization  (Ahamed et al., 2001). 
TANC = ANFC+ANOP+ANTC         (4.1) 
4.2.1.2 Annual fixed cost  
Annual fixed cost includes tractor fixed cost and tractor operated implement fixed cost and is 
given by:  
4.2.1.3 Tractor fixed cost 
Annual tractor fixed costs include depreciation, interest, tax, insurance, and shelter.  
                           
     
    
     
             
 
  
            
 
    
   
    
   
             
 
    (4.2) 
4.2.1.4 Tractor powered implements fixed cost 
The annual fixed cost of the tractor-powered implement includes depreciation, interest, tax 
and shelter and is given by: 
                            
        
     
  
            
 
  
            
 
    
   
    
   
            
 
                 (4.3) 
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4.2.1.5 Annual operating cost 
Annual tractor operating costs includes tractor operating cost and tractor powered implement 
operating cost. 
4.2.1.6 Tractor operating cost 
Tractor operating cost is made up of labour, fuel, oil and repair and maintenance. Expressing 
labour cost as a function of required working hours, and the other as specific functions of the 
hourly tractor use is given by:  
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                                   (4.5) 
4.2.1.7 Tractor powered implement operating cost 
The annual tractor powered implement operating cost is negligible for rotary tine operation in 
power puddler, hence, in this study it is not considered. 
4.2.1.8 Timeliness 
Annual timeliness cost in the usual way is the penalty for completing field operations beyond 
the optimum calendar period.  
                                 
           
              
             
                
     
                            (4.6) 
4.2.1.9 Optimum width of power puddler implements 
The annual fixed cost of tractor-powered implement is made of depreciation, interest, tax and 
shelter. Expressing these costs as function of implement, the total annual cost of implement is 
the sum of equations, i.e., ANFC, ANOC and ANTC. Differentiating the total annual cost of 
implement shows that the implement width terms for oil/lubricant and repair and maintenance 
disappear, and the solution for the optimum width of implement becomes: 
(Wi)opt =    
        
           
     
     
     
       
                 
     
     
                                   
 
          
      
     
  
           
 
 
   
    
  
            
 
  
           
 
 
      (4.7) 
Where ANFCi is an annual fixed cost for the operation ($), ANOCi  is an annual operating 
cost for the operation, ANOP is an annual operating cost, ANTC  is an annual fixed cost for 
the operation, DPWIi  is the draft per unit width of implement for operation (KN/m
2
), ELFli  
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is the economic life of implement (yrs), ELFT is the economic life of tractor (yrs), EREQi  is 
the energy required for the operation (hp-hr/ha), FIEFi is the field efficiency of the operation,  
FMSZ is the farm size ha, HPT is the horse power of the tractor (hp), IRT is an interest rate 
of tractor per year (decimal), LCPDi is the labor cost per day for the operation. ($/hr), LCPH 
is the labor cost per hour for transport operation ($/hr), OPWHi is the optimum working 
hours for operation (hr), PHPT is the price per unit horse power of the tractor ($/hp), POIL is 
the price of the oil ($/L), PPWli is the price per width of the implement (S/hr), REWHi is the 
required working hour for operation (hr), RI is an interest rate on tractor per year (decimal), 
RIT is an insurance rate per year on tractor per year (decimal), RMFi is repair and 
maintenance for the implement, SC is a shelter charge per year (decimal), SCI is a shelter 
charge for implement, SCT is a shelter charge for tractor, SPDi is a speed of the operation 
(km/hr), SPDli is a speed of the operation (km/hr), SPFC is specific fuel consumption of 
tractor (L/hp/hr), STR is a sales tax rate (decimal), SVF is the  salvage value factor (decimal),  
TANC is a total annual cost ($), TCPH is the tractor cost per hour ($/hr), TTi is the tractive 
and transmission coefficient (decimal),VCRP  is the value of crop return ($/kg), Wi is the 
width of the implement (m), WHPDi is work hours per day for operation. (hr/day), YILSi is 
the yield loss due to delay in performing the operation (kg/ha-day). 
 
From the design of the working width of the power pudder. It is assumed that FMSZ is the A 
ha, SPDi is the 3 km/hr, FIEFi is the 80%, LCPDi is the1.07$/hr, WHPDi is the 8 hr/day, 
TCPH is the3.57 $/hr, YILSi is the 1 kg/ha-day, VCRP is the 0.228 $/kg, PPWli is the 1.07 
$/hr, SVF is the 0.1, ELFI is the7, RI is the 0.1, STR is the 0.07, IR is the 0.01 and SC is the 
0.01. The optimum working width of the power puddler showed in Table 4.1. 
Table 4.1 Optimum width requirement for power puddler according to Ahamed et al. 
(2001). 
Farm Size (ha) 
      Average working width of power puddler  (m) 
8 hours/day 
0.5 0.55 
1.0 0.83 
1.5 1.02 
2.0 1.17 
2.5 1.32 
3.0 1.44 
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4.2.2 Development of the Power Puddler 
Our power puddler consists of six main units: engine, gearbox, blades, rotor, transmission 
system, and ski (Fig. 4.3, 4.4, 4.5 and 4.6). 
a. Engine: In this research, the power source of the two-wheeled tractor was an 8 kW diesel 
engine which commonly used in Thailand (Chamsing, 2007). The power source of the power 
puddler was also an 8 kW diesel engine (the most popular diesel engine used by farmers in 
Thailand) (Chamsing, 2007). 
b. Gearbox: The gearbox was suitable for 25 kW power (speed ratio 1.46:1). It had a light 
weight and was widely used with the rotary tiller for a working width of 120 to 160 cm when 
attached to a small tractor (Sngiamphonge, 2000).  
c. Blade: The European C-shaped blade with 6-mm thickness was selected due to a lack of a 
hooking problem caused by plant residue (Sngiamphonge, 2000). This kind of blade is 
commonly used in Thailand. The shape of the European C-shaped blade is shown in Fig. 4.3. 
 
Fig. 4.3 European C-shaped blade for the power puddler 
d. Rotor: The power puddler was designed with a working width of 120 cm. Mandal et al. 
(2013) found that the rotavators with 120 to 180 cm working width are the most suitable to 
use for tractors with 34 kW and above. The power puddler contains six disk holder flanges 
fixed with 36 blades on the rotor shaft. The blades attached to each flange were aligned in a 
spiral form (Sngiamphonge, 2000). The blade position on each flange was calculated as 360 
degrees divided by the number of blades (Fig. 4.4). 
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Fig. 4.4 Blades fixed on the flanges at a spiral 
e. Transmission system: The power engine was transmitted by pulleys at a speed ratio of 
4.28:1 to a gearbox, with a speed ratio of 1.46:1. Then the gearbox transmits power to a rotor 
shaft through a chain and sprocket with a speed ration of 1.88:1. The rotor shaft speed was 
204 r/min. This was the same speed found by Sngiamponge (2000), who designed a rotary 
tiller, and Sutthiwalee (2005), who designed a rotary puddler. Sakai (1998) revealed that the 
rotary speed of the rotor for wet soft soil and puddling should be between 150 to 200 r/min. 
The power transmission diagram is shown in Fig. 4.5. 
 
Fig. 4.5 Power transmission by a power puddler 
f. Ski: Two skis are attached to both sides of a power puddler to support the power puddler 
for working in the swampy field. The prototype of a power puddler is shown in Fig. 4.6. 
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Fig 4.6 Prototype of a power puddler 
4.2.3 Design of the Cage Wheel  
The cage wheels were used to assist the two-wheeled tractor when operated in soft soil 
conditions. The height of a cage wheel for normal soil conditions in the paddy field was 
generally 65 cm, but farmers usually change it to 80 cm height when working in the swampy 
conditions (Fig. 4.7) (Sakai, 1998). They found that two-wheeled tractors in some developing 
countries were equipped with large cage wheels with 80 to 85 cm diameter for plowing. This 
is to allow for operations on unexpectedly deep paddy fields with 20 to 30 cm depth of plow 
layer. Moreover, Hendriadi and Salokhe (2002) found that increasing the diameter of the cage 
wheels to reach the hard pan can improve the performance in puddled soil. Besides, the 
length of the lug was also changed from 25 to 32 cm. 
 
Fig. 4.7 A cage wheel for swampy conditions 
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4.2.4 Direct energy inputs 
According to Bowers (1992), the energy consumption of physical energy resources for 
physical tasks during field operations is defined as the direct energy input. In agricultural 
field operations, fuel is by far the most consumed energy source. Human labor, draft animal 
and mechanical power sources, among other physical energy inputs, are considered direct 
energy inputs. The energy equivalents of these power sources are presented below. 
4.2.4.1 Human labor 
In connection with human labor, human muscle power is a primary input for physical tasks in 
cropping activities. Human power of 74.6 W (0.1 hp) is considered to be acceptable, 
according to Singh and Singh (1992). 
4.2.4.2 Mechanical power sources 
Based on a study on energy consumption (Singh and Anuchit, 2000), there were factors, such 
as weather, soil type, and depth of tillage, impacting the consumption of energy during farm 
operation, a calculation of mechanical energy inputs included information on fuel 
consumption and working hours of mechanical power sources for different farm operations 
gathered from field surveys of individual farmers, as a result.  In addition, the average and 
estimated value based on type and size of mechanical power source gathered from the field 
survey was adopted where there was the use of hired machinery or data on fuel consumption. 
In the study Singh and Anuchit (2000), the calculation employed the energy equivalent values 
of fuel (42.32 MJ/L for gasoline fuel and 47.78 MJ/L for diesel), which are inclusive of net 
energy value and energy sequestered to mining, refining and transportation (Cervinka, 1980). 
Table 4.2 demonstrates mechanical power sources and implements for crop production 
commonly used.         
Table 4.2 Average rated power of mechanical sources in Thailand 
Power source 
Average rated power (kW/unit) Range 
Power tiller 14.8 Rating  12.7-15.4 kW 
Tractor <  45 hp 29.5 Rating  29.5-56.3 kW 
Tractor >  45 hp 87.1 Rating  53.6-113.9 kW 
Irrigation pump 6.7 Rating  4.7-10.7 4 kW 
Power thresher 120.6  Rating  9.8-160.9 kW 
Power sprayer 2  Assumed  2 kW 
Rice combine harvester 227.9 Rating   194.4-261.4 kW 
Source: Singh and Anuchit (2000) 
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4.2.4.3. Physical energy input  
Only direct physical energy inputs: human labor and mechanical power sources, were used as 
energy inputs during farm operations; and the summation of energy inputs from human labor, 
draft animal and mechanical power sources was based on a calculation of total physical 
energy input for each farm operation.   
4.2.4.4 Labor energy input 
Labor energy input (MJ/ha) (4.8) 
Where Lf and Lh is a number of family labor and hired labor (persons), wdlf and wdlh  is a 
number of working days for family labor and hired labor (days), whlf and whlh  is a number of 
working hour for family labor and hired labor (h/day), Ap is a planted area (ha), l is the time 
for applying input for time l
th
  and  0.268 is the constant for unit conversion. 
4.2.4.5 Mechanical energy input  
  Mechanical energy input in field operations (MJ/ha)  
    





sl
l
leqmhmhmhheqmfmfmff
Ap
FwhwdNMFFwhwdNMF
1
.....
 (4.9)            
          
Where MFf and MFh is a fuel consumption rate of power source machine (L/ha) for owned 
and hired machine; Nmf and Nmh is a number of owned farm machine and hired machine, 
respectively; wdmf and wdmh  is a number of working days of owned farm machine and hired 
machine (day), respectively; whmf and whmh is working hours for owned farm machine and 
hired machine (hr/day), respectively; Feq is the energy equivalent of fuel (MJ/L), 42.32 MJ/L 
for gasoline and 47.78 MJ/L for diesel (Cervinka, 1980); and Ap is a planted area (ha). 
From equation 4.9 we assumed the fuel consumption of power puddler for primary tillage and 
secondary tillage 8.5 and 8 L/ha respectively, and the field capacity of the power puddler for 
primary and secondary tillage are 0.5 ha/h. The approximately of the mechanical energy input 
of the primary tillage is 812.26 MJ/ha while for secondary tillage is 764.48 Mj/ha. 
41215 Energy Require for the farming operation 
The energy requirement from the farming operation includes energy from human or draft 
animal, Irrigation, fertilizer and pesticides. These has been expressed in the following 
manner: 
    





sl
l
llhlhhlflff
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1
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4.2.5.1 Energy for the human labour/DA/PT 
The Mathematical expression for the energy from the human labour/DA/PT is given by  
EREQ = N x O x C   (4.10)   
Where EREQ is the Energy available or consumption from human labour hp-hr/ha or MJ/ha, 
N is the Number of human/Animal/PT (No/unit), O is the Use or operating time for the 
operation, hr and C is the Energy Coefficient, (MJ/Kg).  
4.2.5.2 Energy from Irrigation  
The energy used for the irrigation was estimated by the following expressions 
Ei = F x C    (4.11) 
Where Ei is the Energy used for the irrigation (MJ) F is the Fuel consumption (kg/hr) and C is 
the Energy Coefficient (MJ/kg).  
4.2.5.3 Energy for fertilizer and Pesticides 
The energy for fertilizer and pesticides both can be find out by the same manner, that was 
illustrated below: 
Ec = (N x Cn) +(P x Cp )+( K x Ck)    (4.12) 
Where Ec is the Energy consumption from the fertilizer and pesticides, N,P and K is the 
amount of N, P and K, fertilizer used, Kg Cn, Cp and Ck  is the energy coefficient of N P and K 
(MJ/Kg).  
4.2.5.4 Energy Output from Rice Production  
The output Energy was calculated from the production of rice and estimated in this study on 
the basis of the sum of total rice grain and straw production. In order to find the total output 
energy for rice grain and straw is multiplied by their energy coefficient and added together. 
The energy was estimated by the following expressions.  
Eout = (R x Cr) + (S x Cs )       (4.13) 
Where R and S is the total amount of rice grain and straw production, ton/ha Cr and Cs is the 
energy coefficient of rice and straw MJ/kg. 
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4.2.5.5 Energetic Efficiency Ratio 
A measure of the energetic efficiency of the rice production is the efficiency ratio, which is 
the output energy from the rice grown in MJ divided by MJ of energy expanded as total input 
to attain that yield. The definition does not include the photosynthetic energy utilized by the 
plants.  
      
                                 
                                    
       (4.14) 
4.2.6 Energy Input and output for rice production in irrigated rice with power puddler 
for land preparation in Thailand. 
Table 4.3  Energy Input and output for rice production in irrigated rice with power 
puddler for land preparation in Thailand. 
 
Energy 
Consumption 
(MJ/ha) 
Process   
 
    Total    
  (MJ/ha) 
Land 
preparation 
Planting                    Cultural Practice  
Harvesting 
 
Grinding Chemical 
Fertilizer 
Organic 
Fertilizer 
Chemicals 
Direct Energy 
Input 
       
Labour 40.75 3.06 11.0 5.3 16.0 5.6 81.71 
Fuel Diesel - - - - - 500 - 500 
 Gasoline - - - - - - -  
 Electrici
ty 
- - - - - - 1,426.6 1,426.6 
       Machinery 
(TPW) 
1,576.74 
 
- 
 
- 
 
- 
 
- 
 
5,830.2 
 
- 
 
7,406.94 
 
Indirect 
Energy Input 
-        
Seed - 940.38 - - - - - 940.38 
Fertilizer - - 2,375  - - - 2,375 
Organic 
Fertilizer 
- - - 35 - - - 35 
Chemical - - - - 153.1 - - 153.1 
 Total energy 
input    
           (MJ/ha) 
1,617.49 943.44 2,386 35 158.4 6,346.2 1,432.2 12,918.7 
Total energy 
output 
(MJ/ha) 
       
81,308.2 
EPR        6.3 
 
From Table 4.3 The EPR of rice production in irrigated rice with power puddler for land 
preparation in Thailand is 6.3 MJ/ha 
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4.2.7 Field Test 
In this study, a two-wheeled tractor was used to attach with power puddler, moldboard plow 
and puddling rotor to compare their performance. The two-wheeled tractor used in this field 
test has three forward speeds (noted as speed 1, 2 and 3 with 3, 4 and 5 km/h) and one reverse 
speed. The speed 1 of the two-wheeled tractor was used for plowing, while speeds 2 and 3 
were used for transportation. The study was conducted in a paddy field in Pathumthani, 
Thailand. The size of the field test was 45×110 m. The primary tillage field test was 
conducted to determine the difference between a two-wheeled tractor attached to the 
prototype power puddler developed in this research with a two-wheeled tractor attached to a 
moldboard plow (the conventional moldboard plow is shown in Fig. 4.8). In this test, a 
wooden board was used to be attached to the two-wheeled tractor and a man stands on the 
board when working instead of walking behind it. The traveling speed of the two-wheeled 
tractor can be increased. In puddling operation, the performance between two-wheeled tractor 
attached to the power puddler was compared with two-wheeled tractor attached to puddling 
rotors. 
                  
    (a) A moldboard plow                      (b) A moldboard plow with wooden board 
        Fig. 4.8 The conventional primary tillage tools for land preparation 
The land preparation test with five replications was conducted using each machine for the 
operation of primary tillage and puddling. Besides, field capacity, field efficiency, percentage 
of wheel slip, and fuel consumption rate during operations were evaluated using the two-
wheeled tractor attached to power puddler during primary tillage, as shown in Fig. 4.9. On 
the other hand, during puddling operations, the test was performed using the two-wheeled 
tractor attached to power puddler as shown in Fig. 4.10. Test results were compared to 
determine the machinery performances. The RNAM test codes were used for evaluation of 
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field performances (RNAM, 1995). The engine speed of the two-wheeled tractor in every 
field test was 1,800 r/min, while the engine speed of the power puddler was 2,400 r/min. 
 
Fig. 4.9 The two-wheeled tractor-attached to power puddler used for primary tillage 
 
Fig. 4.10 The two-wheeled tractor-attached to power puddler used for puddling 
4.2.8 Economic Analysis of the Machinery 
In 1995, Hunt (1995) conducted an economic analysis to determine the break-even point by 
using net income for a two-wheeled tractor, tractor and track tractor and all their implements 
individually. Details are explained below. 
4.2.8.1 Two-wheeled tractor and implements cost 
The details of the sample tractors and their implements were collected; and their costs were 
divided into two groups: fixed costs, which include annual depreciation, interest, taxes, and 
shelter charge; and variable costs, which include fuel, oil, lubricants, maintenance, repairs, 
and labor costs.  
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4.2.8.2 Fixed cost 
This was calculated based on the following methods/assumptions (Ahamed et al., 2001) To 
use the equation from 4.1-4.6.  
4.2.8.3 Variable cost 
 This cost was calculated individually based on total annual use and that includes the 
prevailing rates of labor, repair and maintenance, fuel, oil, and lubricants. 
4.2.8.4 Income 
The total income in each case was calculated from all sources, and the net income of 
individual sample farms were determined. The intersection of the two lines from the expenses 
by machine and by labor of the cost per area and the plantation per area is a break-even point 
is introduced in Chapter 3.  
4.3 Results and Discussion 
The field test was carried out in the paddy field in Pathumthani province. The soil was 
characterized as clay. At a soil depth from 0 to 15 cm, the soil consisted of 10% sand, 22% 
silt, and 68% clay, called as Bangkok clay soil. The soil was clay to a depth of at least 1 m. 
The particle size distribution of the soil was 5% to 18% sand, 27% to 38% silt, and 47% to 
63% clay. The cone index of the plow-pan layer of the soil for the field test conducted in 
Pathumthani was less than 100 kPa, with a thickness of 0 to 30 cm. It was a swampy area 
(Senanarong et al., 2005), but swampy conditions did not occur on the whole fields: it 
occurred in only some parts of the fields (Senanarong et al., 2005; Sutthiwaree, 2005; 
Chamsing, 2007).  
The first field test was conducted during primary tillage to compare the field performances 
between using the two-wheeled tractor attached to the prototype power puddler with the two-
wheeled tractor attached to the moldboard plow. Table 4.4 shows the field performances 
included field efficiency, field capacity, fuel consumption, and percentage of wheel slip. On 
the other hand, the second test was conducted during puddling to compare the field 
performance when using two- wheel tractor attached to power puddler and two- wheel tractor 
attached to puddling rotor (Table 4.5).  
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Table 4.4 Comparison of field performance of a two-wheeled tractor attached to power 
puddler and a two-wheeled tractor attached to moldboard plow in primary tillage 
Primary tillage Power puddler  
(Avg±SD) 
Moldboard plow  
(Avg±SD) 
Working speed, km/h 
Field efficiency, % 
4.03±0.03 
93.59±3.26 
3.77±0.02 
81.1±2.57 
Field capacity, ha/h 
Percentage of wheel slip  
0.5±0.10 
3.52±0.01 
0.2±0.08 
5.49±0.04 
Fuel consumption, L/ha 8.6 
*
±0.09 7.0±0.06 
Note:
*
 Measured from two diesel engines of a two-wheeled tractor and a power puddler.  
Table 4.5 Comparison of field performance of a two-wheeled tractor attached to power 
puddler and a two-wheeled tractor attached to puddling rotor in puddling 
Puddling Power puddler 
    (Avg±SD) 
Puddling rotor 
  (Avg±SD) 
Working speed, km/h
 
Field efficiency, % 
4.05±0.03 
93.71±1.45 
3.58±0.02 
        - 
Field capacity, ha/h 0.5±0.08 0.1±0.05 
Fuel consumption, L/ha 7.8
*
±0.05 17.4±0.09 
Pudding Index, % 59.6 ±3.85 52.5±0.88 
Note:
*
 Measured from two diesel engines of a two-wheeled tractor and a power puddler. 
4.3.1 Field performance test for primary tillage 
The field efficiency of the two-wheeled tractor-attached to power puddler were 93.59% with 
power puddler and 81.1% with the moldboard plow (Table 4.4). This was mainly because the 
working width of the power puddler was greater than the cutting width of moldboard plow. 
When considering the field capacity, the power puddler worked on paddy fields with a field 
capacity of approximately 2.5 times more than that of the moldboard plow. This occurred 
because the working width of the former was greater than that of the latter, which facilitated 
better operation. In some areas, in which the working depth was extreme (over 30 cm), the 
moldboard plow tended to be immobilized. This was consistent with the findings of a study 
by Chamsing (2007), who revealed that a two-wheeled tractor had greater mobility problems 
on heavy clay soil with a deep hard pan but a two-wheeled tractor attached power puddler 
still performed well. This implies that the machine was suitable not only for waterlogged 
areas but also for normal paddy fields. In addition, in terms of fuel consumption, although the 
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power puddler was equipped with two engines, it pushed the machine forward, causing no 
additional load to the two-wheeled tractor. As a result, the fuel consumption rate of a power 
puddler was not much higher than that of a moldboard plow. Moreover, the wheel-slip 
percentage of the power puddler was 55.97% less than that of the moldboard plow, as the 
power puddler generated force to move forward. This was consistent with the findings of 
Zaman (2015), which demonstrated that the advantage of a rotary tiller was that the traction 
demanded of the driving wheel was lower than conventional ones because the rotary blade 
provided some forward thrust while in operation. The power puddler is classified as an active 
implement like a rotary tiller (Zareiforoush et al., 2010).  
4.3.2 Field performance Test for Puddling 
As shown in Table 4.5, The field efficiency of using the two-wheeled tractor-attached to 
power puddler was 93.71%, whereas the field efficiency of the two-wheeled tractor-attached 
to pudding rotor could not be evaluated as it required two rounds or more of operations in the 
same area to generate the puddling operation. It is unlike the power puddler, which required 
only one operation. This result was consistent with Kataoka et al., (2000), who noted that the 
rotary tiller cut the untilled soil and pulverized it at the same time, so that the primary tillage 
and puddling applications could be conjugated in one stage. The implication of the result was 
that it would decrease the number of machinery passes on the paddy field in the puddling 
process. In addition, the power puddler produced a five times greater field capacity than the 
puddler rotor. The new machine had puddling operation only one pass while the conventional 
machine required two passes or more. These results on the puddling process were consistent 
with those of Kukal and Aggarwal (2003), in which the puddling rotor with two-wheeled 
tractor had two or three passes of puddling process. Moreover, the power puddler generated a  
puddling index 11.9% higher than the puddling rotor. A higher index represents a greater 
puddling condition, which is more suitable for rice farming. Jain et.al.,1991 found that a good 
puddle with a puddling index of 49.10% to 57.02% in clay loam soil was highly effective in 
reducing percolation loss.  
Further, the fuel consumption rate of the puddling rotor was 2.2 higher than that of the power 
puddler. The reason for the higher field capacity and lower fuel consumption of the power 
puddler was due to the difference in soil clod size during primary tillage. The power puddler 
employed for primary tillage produced a smaller soil clod size than that produced by a 
moldboard plow used for the same purpose. Two or more puddling replications were needed 
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with the two-wheeled tractor attached to puddling rotor after using the moldboard plow. In 
addition, the cone index value over a 15 cm plow pan layer after primary tillage with power 
puddler was nearly 370 kPa, while it was nearly 200 kPa (Fig. 4.11) after puddling. Our 
results were similar to that of the study by Eamopas and Gee-Clough (1987). They found 
that, on the first plowing, the average cone index was 420 kPa; after puddling, it was 245 
kPa. They concluded that the power puddler could create a hard pan after puddling.  
 
Fig. 4.11 Cone index of a two-wheeled tractor attached to power puddler 
4.3.3 Economic Analysis of the Machinery 
A two-wheeled tractor-attached to power puddler consists of a two-wheeled tractor, power 
puddler, and two diesel engines: one for the two-wheeled tractor and the other for the power 
puddler. The details of the economic analysis of a two-wheeled tractor and a power puddler 
are listed in Table 4.6. 
Table 4.6 Economic analysis of a two-wheeled tractor and a power puddler 
 
List 
Two-
wheeled 
tractor 
Power 
puddler 
Diesel 
engine 
two-
wheeled 
tractor 
Diesel 
engine 
power 
puddler 
Primary 
tillage 
Puddling 
Fixed cost       
Purchase price, P,$ 833 1,633.3 1,166 1,166 - - 
Economic life, years 7 7 7 7 - - 
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Salvage, 10% P,$ 83.3 163.33 116.6 116.6 - - 
Annual interest rate, % 10 10 10 10 - - 
Variable cost       
Primary tillage       
Fuel consumption, L/ha - - - - 8.6
* 
- 
Price of oil,$/h - - 0.83 0.83 - - 
Field capacity, ha.h - - - - 0.5 - 
Fuel cost, $/h - - - - 3.57 - 
Lubricant, $/h - - - - 0.71 - 
Maintenance, $/h 0.07 1.49 - - - - 
Labour, $/h - - - - 0.83 - 
Puddling       
Fuel consumption, L/ha - - - - -
 
7.8
* 
Price of oil, $/L - - 0.83 0.83 - - 
Field capacity, ha/h - - - - - 0.5 
Fuel cost, $/h - - - - - 3.24 
Lubricant, $/h - - - - - 0.65 
Maintenance, $/h 0.07 1.49 - - - - 
Labour, $/h - - - - - 0.83 
Area of working/year, ha - - - - A      A 
 
Note:
*
 Measured from two diesel engines of a two-wheeled tractor and a power puddler. 
From Equations (4.1) to (4.6), and Table 4.6, the break-even points of the two-wheeled 
tractor and power puddler can be determined. The break-even curve showed that at least 16.5 
ha of single-crop land were required to justify purchasing a two-wheeled tractor and a power 
puddler (Fig. 4.12). A double-crop practice with 8.2 ha of land using the same machinery was 
needed to generate a profit. A triple-crop practice with 6.2 ha of land per year was required to 
reach the break-even point. (Fig. 4.12). 
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Fig. 4.12 Break-even point of the two-wheeled tractor and power puddler 
The two-wheeled tractor attached power to puddler was proved to be a motorized cultivator, 
which had several advantages over many conventional tillage implements such as cultivator, 
moldboard plow, and puddling rotor. It was found to be one of the most efficient kinds of 
equipment among the land preparation agricultural tools, offering considerable savings in 
operating time and human effort. The power puddler could perform very well in swampy 
areas and under normal conditions. It also helped to improve soil quality as it incorporated 
the rice stubble after harvesting. In some areas, farmers who had their own four-wheel drive 
tractor tried to use their own machines for preparing the land. However, the drudgery 
involved as well as the non-feasibility of using four-wheel drive tractors in soft and wet 
fields. The conventional tractor is required to modify as half-track tractor to increase the 
contact area of four-wheel drive tractors in swampy areas in Thailand. 
4.4. Conclusions 
This study examined the feasibility of replacing the moldboard plow and puddling rotor with 
a power puddler for preparing land for primary tillage and puddling in swampy areas. The 
power puddler utilized power sources from two diesel engines: an 8 kW engine as a power 
source for the two-wheeleded tractor and an 8 kW engine as a power source to drive the 
power puddler. These power sources were sufficient for both primary tillage and puddling. 
The power puddler generated higher field efficiency and field capacity during primary tillage 
than those generated by the moldboard plow, owing to its greater working width. The 
working width of the power puddler was 120 cm and that of the moldboard plow was 20 cm. 
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The percentage slip of the power puddler was 55.97% lower than that of the moldboard plow, 
as there was a force pushing the power puddler forward. Puddling was carried out using the 
power puddler in one operation. The puddling index obtained was suitable for rice farming. 
However, it took two or more rounds of operations to determine the suitable index for rice 
farming using the puddling rotor. Accordingly, the puddling rotor required more fuel than the 
fuel required by the power puddler. A power puddler can be used to reduce the amount of 
time and labor spent in land preparation in swampy paddy fields. 
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Chapter 5 
Development of Half-Track for Four Wheel-Drive Tractor 
5.1. Introduction 
In Asian, of rice cultivation, almost 80%, is carried out under wetland conditions, with one to 
three cropping per year, dependent upon availability of water sources and rice varieties (Keen 
et al., 2013). Thailand’s central region is well suited to intensive rice farming. Most of the 
lowland rice fields are covered with water during the rainy season, where the central region 
accounting for about one-fifth of the total cultivated rice land during the wet season 
(Chamsing and Singh, 2000).  
The main objective of land preparation is to leave the soil in the best physical condition for 
plant establishment and crop growth, to ensure desired soil surface level and moisture 
conservation. In doing so, soil must be tilled to a certain depth so that plants can develop a 
root system that will support the plant physically and allow the extraction of sufficient 
moisture and nutrients so that the yield potential may be realized. Soil pulverization should 
be sufficient to control weeds, and tillage must leave the soil surface level.  
Preparing of land encompasses a range of soil disturbances through puddling. Performing 
puddling operations in the same rice production fields for year after year creates a strong 
hardpan beneath the pudding depth. This hardpan reduces water loss and provides a favorable 
environment for growing rice. In general, an adequate depth for puddling operations in rice 
fields is between 10 to 15 cm (Salokhe and Ramalingam, 2001). Senanarong et al. (2005) 
reported that swampy fields have a plow-pan layer of cone index with the plow pan layer less 
than 100 kPa, which indicates a certain thickness of 0 to 30 cm. Conventional tractors cannot 
run on soft ground in such conditions. Typical problems encountered in swampy areas are 
shown in Fig. 5.1. In Chapter 4 of our study, we reported the development of a power puddler 
for a two-wheeled tractor for small household farmers. However, larger households with 
more than two to three hectares need further two-wheeled tractors which are not sufficient in 
the swampy areas of Thailand. 
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Fig. 5.1 Conventional tractor stuck in a swampy area 
In the central plains of Thailand, some farmers hire four-wheel drive tractors from contractors 
to prepare their land. The contractors usually have a variety of tractors for primary tillage, 
ranging from small tractors (15 kW to 26 kW), medium tractors (27 kW to 40 kW), and track 
tractors (142 kW to 150 kW). Although a track tractor can be used to prepare swampy land, 
the cost of tractor transportation is high. Some second-hand tractors (37.3 kW) were imported 
in 2005, and most contractors purchased this kind of tractor (Senanarong et al., 2005). 
Contractors change conventional tires to high-lug tires to increase contact area and decrease 
wheel slip when paddy fields are very soft (Keen et al., 2013). Farmers do not like to work in 
swampy areas because the difficulty of land preparation is harder.  
Senanarong et al. (2005) modified a Kubota model L 2605 (19.4 kW) is showed in Fig 5.2. 
Tractor into a half-track tractor, but the field capacity was very low (0.15 ha.h
-1
). 
Furthermore, this half-track tractor could work only in areas where the cone index of plow-
pan layer was more than 100 kPa. They suggested that the tractor power should be changed to 
37.3 kW. Figure 6.2 shows this supplemental wheel and modified half-track tractor. Kathirvel 
et al. (2002) designed a track system with canvas belt, chain, lug, pulley, sprocket, and 
tensioner assembly, which substituted for the tire in a power tiller, and compares with the 
pneumatic tires used in a power tiller. A three-fold increase in drawbar pull and drawbar 
horsepower, a 50% reduction in specific fuel consumption, and a 40% increase in tractive 
efficiency were observed with the track system, compared to the tire.  
The performance of a half-track tractor has been noted as an alternative to conventional tired 
tractors to meet the demands of the frequently-found, unusually wet and soft paddy 
conditions. Tanaka (1984) found that immobilization occurred on surfaces that lacked a 
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hardpan and were not sufficiently solid to support the vehicle. These conditions require 
vehicles that can be operated with lower ground contact pressure, by using tracks or floats. 
The half-track tractor is inexpensive and can be easily attached and detached. Therefore, the 
increased contact area of the high-lug tire tractor can be replaced with a half-track tractor. 
The larger contact area helps to decrease the contact pressure and generates higher dynamic 
traction ratios. This feature makes the half-track tractor capable to work at a higher efficiency 
in the swampy paddy fields.  
 
 
 
 
 
 
 (a) The supplemental wheel (b) The modified half-track tractor by Senanarong et.al (2005) 
Fig. 5.2 Supplemental wheel and modified half-track tractor 
The objective of this study is to design a half-track tractor to solve the difficulties 
encountered by conventional tractors during land preparation in high moisture areas, 
especially for primary tillage operations in swampy areas. 
5.2 Materials and Methods 
5.2.1 Design of a Half-Track Tractor 
In 1955, the Ferguson Co. brought out the Ferguson TEF 20 rubber half-track tractors (Fig. 
5.3) but its production has been discontinued. We selected a high-lug tire tractor (Kubota, M 
5000, 37.3 kW) to modify into a half-track tractor for this study (Table 5.1). The chosen 
tractor with tracks, in replacement of tires, is consistent with the study of Bashford et al. 
(1988). Due to reduced surface contact pressure and difference in load distribution, according 
to Bashford et al., the track had the potential to reduce soil compaction. In addition, 
Senanarong et al. (2005) revealed that a half-track tractor had the potential to reduce soil 
sinkage in the swampy paddy fields in the central plains of Thailand. First, we estimated the 
(a) (b) 
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contact pressure of the high-lug tire tractor when a rotary tiller with a working width of 140 
cm was mounted and the wheels sank 20 cm. The contact pressure was 22 kPa, which was 
sufficient for a swampy field. Sakai (1998) found that, to maintain the plow-pan surface, the 
expected average loading pressure of any traction device on paddy fields, such as a wheel or 
crawler, should be about 39 kPa, which is approximately the same as the pressure exerted by 
a human foot. The specifications of the high-lug tire tractor attached with rotary tiller are 
shown in Table 5.1. 
 
Fig. 5.3 The Ferguson TEF 20 rubber half-track tractor 
Table 5.1 Specifications of the high-lug tire tractor attached with rotary tiller 
Tractor Kubota M 5000 
(Front wheel size 8.3–24, rear wheel size 14.9–28)  
 
Tractor weight (kg) 1,800 
Rotary tiller with working width of 140 cm (weight in kg) 500 
Total weight (kg) 2,300 
Contact area (cm
2
) 10,474 
Contact pressure (kPa, total weight/contact area) 22 
We modified the high-lug tire tractor into a half-track tractor in two stages. First, we selected 
a 40 cm wide metal track produced by the Leogering Co., to modify the high-lug tire tractor, 
as shown in Fig. 5.4 We decreased the soil contact pressure of the track by putting a wooden 
plate (size 10×53 cm) in each track, similar to the model designed by Senanarong et al. 
(2005). Second, we attached a supplemental iron wheel with 50 cm diameter and 31.5 cm 
wide to a rubber tire to carry the front end of the endless track. An easily detachable 
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supplemental wheel was independently attached to help each side maneuver during a turn. 
The main objective of providing this supplemental wheel was to make it easier to detach the 
track from the tire when on the road.  
Fig. 5.5 shows the supplemental wheel and the half-track tractor while Fig. 5.6 shows a 
complete view of the half-track tractor. The contact pressure of the half-track tractor was 
estimated when a rotary tiller with a working width of 140 cm was mounted and the track 
sank 20 cm. The contact pressure fell to 16 kPa. Table 5.2 presents the specifications of the 
half-track tractor attached with rotary tiller.  
 
Fig. 5.4 The metal track from Leogering 
 
 
 
 
 
 
 
 
                      
(a) The supplemental wheel             (b) The half-track tractor 
Fig. 5.5 Supplemental wheel and the half-track tractor 
WW 
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Fig. 5.6 A complete view of the half-track tractor 
Table 5.2 Specifications of the half-track tractor attached with rotary tiller 
Tractor weight (kg) 
1,800 
Track + supplemental wheel weight (kg) 942 
Rotary working with width of 140 cm (weight in kg) 500 
Total weight (kg) 3,242 
Contact area (cm
2
) 20,868 
Contact pressure (kPa, total weight/contact area) 16 
 
5.2.2 Direct energy inputs 
According to Bowers (1992), the energy consumption of physical energy resources for 
physical tasks during field operations is defined as the direct energy input. In agricultural 
field operations, fuel is by far the most consumed energy source. Human labor, draft animal 
and mechanical power sources, among other physical energy inputs, are considered direct 
energy inputs. The energy equivalents of these power sources are presented below. 
5.2.2.1 Human labor:   
In connection with human labor, human muscle power is a primary input for physical tasks in 
cropping activities. Human power of 74.6 W (0.1 hp) is considered to be acceptable, 
according to Singh and Singh (1992). 
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5.2.2.2 Mechanical power sources:  
Based on a study on energy consumption (Singh and Anuchit, 2000), there were factors, such 
as weather, soil type, and depth of tillage, impacting the consumption of energy during farm 
operation, a calculation of mechanical energy inputs included information on fuel 
consumption and working hours of mechanical power sources for different farm operations 
gathered from field surveys of individual farmers, as a result.  In addition, the average and 
estimated value based on type and size of mechanical power source gathered from the field 
survey was adopted where there was the use of hired machinery or data on fuel consumption. 
In the study Singh and Anuchit (2000), the calculation employed the energy equivalent values 
of fuel (42.32 MJ/L for gasoline fuel and 47.78 MJ/L for diesel), which are inclusive of net 
energy value and energy sequestered to mining, refining and transportation (Cervinka, 1980). 
Table 5.3 demonstrates mechanical power sources and implements for crop production 
commonly used.         
Table 5.3 Average rated power of mechanical sources in Thailand 
Power source 
Average rated power (kW/unit) Range 
Power tiller 14.8 Rating  12.7-15.4 kW 
Tractor <  45 hp 29.5 Rating  29.5-56.3 kW 
Tractor >  45 hp 87.1 Rating  53.6-113.9 kW 
Irrigation pump 6.7 Rating  4.7-10.7 4 kW 
Power thresher 120.6  Rating  9.8-160.9 kW 
Power sprayer 2  Assumed  2 kW 
Rice combine harvester 227.9 Rating   194.4-261.4 kW 
Source: Singh and Anuchit (2000) 
5.2.2.3. Physical energy input  
Only direct physical energy inputs: human labor and mechanical power sources, were used as 
energy inputs during farm operations; and the summation of energy inputs from human labor, 
draft animal and mechanical power sources was based on a calculation of total physical 
energy input for each farm operation.   
5.2.2.4 Labor energy input 
Labor energy input (MJ/ha) (5.1) 
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Where Lf and Lh is a number of family labor and hired labor (persons), wdlf and wdlh  is a 
number of working days for family labor and hired labor (days), whlf and whlh  is a number of 
working hour for family labor and hired labor (h/day), Ap is a planted area (ha), l is the time 
for applying input for time l
th
  and  0.268 is the constant for unit conversion. 
5.2.2.5 Mechanical energy input  
Mechanical energy input in field operations (MJ/ha) 
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    (5.2) 
Where MFf and MFh is the fuel consumption of power source machine (L/ha) for owned and 
hired machine, Nmf and Nmh is the Number of owned farm machine and hired machine, wdmf 
and wdmh  is the working day of owned farm machine and hired machine (day), whmf and whmh 
is the working hour for owned farm machine and hired machine (hr/day), Feq is the Energy 
equivalent of fuel (MJ/L), 42.32 MJ/L for gasoline and 47.78 MJ/L for diesel (Cervinka, 
1980), Ap is the planted area (ha). 
From equation 5.2 we assumed the fuel consumption of half-track tractor for primary tillage 
is 15 L/ha, and the field capacity of the half-track tractor is 0.5 ha/h. The approximately of 
the mechanical energy input of the primary tillage is 1,433.4 MJ/ha. 
51210 Energy Require for the farming operation 
The energy requirement from the farming operation includes energy from human or draft 
animal, Irrigation, fertilizer and pesticides. These has been expressed in the following 
 5.2.3.1 Energy for the human labour/DA/PT 
The Mathematical expression for the energy from the human labour/DA/PT is given by  
EREQ = N x O x C   (5.3)   
Where EREQ is the Energy available or consumption from human labour hp-hr/ha or MJ/ha, 
N is the Number of human/Animal/PT (No/unit), O is the Use or operating time for the 
operation, hr and C is the Energy Coefficient, (MJ/Kg).  
5.2.3.2 Energy from Irrigation  
The energy used for the irrigation was estimated by the following expressions 
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Ei = F x C    (5.4) 
Where Ei is the Energy used for the irrigation (MJ) F is the Fuel consumption (kg/hr) and C is 
the Energy Coefficient (MJ/kg).  
5.2.3.3 Energy for fertilizer and Pesticides 
The energy for fertilizer and pesticides both can be find out by the same manner, that was 
illustrated below: 
Ec = (N x Cn) +(P x Cp )+( K x Ck)    (5.5) 
Where Ec is the Energy consumption from the fertilizer and pesticides, N,P and K is the 
amount of N, P and K, fertilizer used, Kg Cn, Cp and Ck  is the energy coefficient of N P and K 
(MJ/Kg).  
5.2.3.4 Energy Output from Rice Production  
The energy output was calculated from the production of rice, based on the sum of total rice 
grain and straw production. In order to find the total output energy for rice grain and straw is 
multiplied by their energy coefficient and added together. The energy was estimated by the 
following expressions.  
Eout = (R x Cr) + (S x Cs )                    (5.6) 
Where R and S is the total amount of rice grain and straw production, ton/ha Cr and Cs is the 
energy coefficient of rice and straw MJ/kg. 
5.2.3.5 Energetic Efficiency Ratio 
A measure of the energetic efficiency of the rice production is the efficiency ratio, which is 
the output energy from the rice grown in MJ divided by MJ of energy expanded as total input 
to attain that yield. The definition does not include the photosynthetic energy utilized by the 
plants.  
      
                                 
                                    
              (5.7) 
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5.2.4  Energy Input and output for rice production in irrigated rice with half track 
tractor for land preparation in Thailand. 
Table 5.4 Energy Input and output for rice production in irrigated rice with half track 
tractor for land preparation in Thailand. 
 
Energy 
Consumption 
(MJ/ha) 
          Process   
 
    Total    
  (MJ/ha) 
Land 
preparation 
Planting 
Cultural Practice  
Harvesting 
 
Grinding Chemical 
Fertilizer 
Organic 
Fertilizer 
Chemicals 
Direct Energy 
Input 
       
Labour 40.75 3.06 11.0 5.3 16.0 5.6 81.71 
Fuel Diesel - - - - - 500 - 500 
 Gasoline - - - - - - -  
 Electicity - - - - - - 1,426.6 1,426.6 
       Machinery  1,433.4 
 
- 
 
- 
 
- 
 
- 
 
5,830.2 
 
- 
 
7,263.60 
 
Indirect Energy 
Input 
-        
Seed - 940.38 - - - - - 940.38 
Fertilizer - - 2,375  - - - 2,375 
Organic Fertilizer - - - 35 - - - 35 
Chemical - - - - 153.1 - - 153.1 
 Total energy 
input    
           (MJ/ha) 
1,474.15 943.44 2,386 35 158.4 6,346.2 1,432.2 12,775.4 
Total energy 
output (MJ/ha) 
       
81,308.2 
EPR        6.36 
From Table 5.4. The EPR for rice production in irrigated rice with half track tractor for land 
preparation in Thailand is 6.36. 
5.2.5 Field Test  
We conducted the field test on a swampy paddy field in Ratchaburi Province, Thailand. The 
size of the field test in each plot was 50 m ×110 m. We compared the performance of using 
half-track tractor attached with rotary tiller with a high-lug tire tractor attached with rotary 
tiller during primary tillage. The conventional tire tractor did not operate well under these 
conditions. We repeated the tests five times using the half-track and the high-lug tire tractors, 
both attached with rotary tiller. We also measured the power take off (PTO), wheel slip, field 
capacity, field efficiency, and fuel consumption. The research team evaluated the machinery 
data for each land preparation system by following the RNAM test codes for rotary tillers 
(RNAM, 1995). The PTO was measured based on a method developed by Senanarong et al. 
(1997) and Hunt (1995).  
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a) For effective field capacity (Eqs.5.3 to 5.5), the time lost for every event such as turning, 
loading and unloading the machine with seed, seeding, fertilizer, harvest, adjustment, 
refuelling and machine trouble was recorded. However, in calculating field capacity, the time 
consumed for real work and the time lost for other activities, such as turning, loading and 
unloading, and adjustment were dependent on the field and crop conditions. The time for 
refuelling was not stored because usually filling-up before starting the test makes refueling 
unnecessary, except in the case of large fields.  
The times for rectifying machine trouble were varied widely due to various factors, and its 
inclusion in the time factor sometimes unreasonably lowers the effective field capability. 
Theoretical field capacity and field efficiency are shown as follows: 
       
 
     
     (5.8) 
      =                   (5.9) 
         Ef = 
  
  
             (5.10) 
where S is the effective field capacity (ha·h1), A is the area covered (ha), Tp is the productive 
time (h) (time for operating the machine in the testing area), Tl is non-productive time (h) 
(time lost for turning, loading and adjustment, excluding refuelling and machine trouble), Tc 
is theoretical field capacity, Ef is field efficiency, Ec is effective field capacity, Tf is 
theoretical field capacity, Wt is a theoretical working width, and Vt is a theoretical operation 
speed. 
b) Operating speed: Outside the long boundary of the test plot, four poles with 20 m apart 
were placed, approximately in the middle of the test run, to form corners of a rectangle, 
parallel to at least one long side of the test plot, to measure the operating speed of the tractor.  
c) Fuel consumption: To measure actual fuel consumption, the tank was first fully filled; and 
then after the test, the refueling amount was calculated.  
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5.2.6 Economic Analysis of the Machinery 
We performed an economic analysis (Hunt, 1995) to determine the break-even point. We 
calculated the net income for a half-track tractor and all its implements individually. Details 
are given below: 
5.2.6.1 Half-track tractor and implement cost 
The details of the sample tractors and their implements were collected; and their costs were 
divided into two groups: fixed costs, which include annual depreciation, interest, taxes, and 
shelter charge; and variable costs, which include fuel, oil, lubricants, maintenance, repairs, 
and labor costs.  
5.2.6.2 Fixed cost 
5.2.6.2 .1 Optimum power requirement  
Optimum power can be obtained by differentiating the total annual tractor cost setting equal 
to zero and solving for (HPT)opt  usual method of cost minimization  (Ahamed et al., 2001).
    
TANC = ANFC+ANOP+ANTC        (5.11) 
5.2.6.2 .2 Annual fixed cost  
Annual fixed cost includes tractor fixed cost and tractor operated implement fixed cost and is 
given by:  
5.2.6.2.3 Tractor fixed cost 
Annual tractor fixed costs include depreciation, interest, tax, insurance, and shelter.  
                  
     
    
     
             
 
  
            
 
    
   
    
   
             
 
      (5.12) 
5.2.6.2.4Tractor powered implements fixed cost 
The annual fixed cost of the tractor-powered implement includes depreciation, interest, tax 
and shelter and is given by: 
                      
        
     
  
            
 
  
            
 
    
   
    
   
            
 
           (5.13) 
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5.2.6.2.5 Annual operating cost 
Annual tractor operating costs includes tractor operating cost and tractor powered implement 
operating cost. 
5.2.6.2.6 Tractor operating cost 
Tractor operating cost is made up of labour, fuel, oil and repair and maintenance. Expressing 
labour cost as a function of required working hours, and the other as specific functions of the 
hourly tractor use is given by:  
                        
                          
         
   
                
   
                   (5.14) 
        
        
           
      
     
     
   
                           
         
   
                
   
                           (5.15) 
5.2.6.2.7 Tractor powered implement operating cost 
The annual tractor powered implement operating cost is negligible for rotary tine operation in 
power puddler, hence, in this study it is not considered. 
5.2.6.2.8 Timeliness 
Annual timeliness cost in the usual way is the penalty for completing field operations beyond 
the optimum calendar period.  
             
           
              
             
                 
     
                                       (5.16) 
 
Where ANFCi is the Annual fixed cost for the operation ($), ANOCi  is the Annual operating 
cost for the operation, ANOP is the Annual operating cost, ANTC  is the Annual fixed cost 
for the operation, DPWIi  is the Draft per unit width of implement for operation (KN/m
2
), 
ELFli  is the Economic life of implement (yrs), ELFT is the  Economic life of tractor (yrs), 
EREQi  is the Energy required for the operation (hp-hr/ha), FIEFi is the  Field efficiency of 
the operation,  FMSZ is the Farm Size ha, HPT is the horse power of the tractor (hp), IRT is 
the  Interest rate of tractor per year (decimal), LCPDi is the Labour cost per day for the 
operation. ($/hr), LCPH is the  Labour cost per hour for transport operation ($/hr), OPWHi is 
the Optimum working hours for operation (hr), PHPT is the Price per unit horse power of the 
tractor ($/hp), POIL is the Price of the oil ($/L), PPWli is the Price per width of the 
implement (S/hr), REWHi is the Required working hour for operation (hr),RI is the Interest 
rate on tractor per year (decimal), RIT is the Insurance rate per year on tractor per year 
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(decimal), RMFi is the Repair and maintenance for the implement, SC is the Shelter charge 
per year (decimal), SCI is the Shelter charge for implement, SCT is the Shelter charge for 
tractor, SPDi is the Speed of for the operation (km/hr), SPDli is the Speed of for the operation 
(km/hr), SPFC is the Specific fuel consumption of tractor (L/hp/hr), STR is the Sales tax rate 
(decimal), SVF is the  Salvage value factor (decimal),  TANC is the Total annual cost ($),  
TCPH is the tractor cost per hour ($/hr), TTi is the tractive and transmission coefficient 
(decimal),VCRP  is the value of crop return ($/kg), Wi is the Width of the implement (m), 
WHPDi is the Work hour per day for operation. (hr/day). 
5.2.6.3 Income 
We calculated the total income in each case from all sources and then determined the net 
income of an individual sample farm.  
5.3 Results and Discussion 
The contact area changed from 10,474 cm
2
 to 20,868 cm
2
 after modifying the high-lug tire 
tractor into a half-track tractor. The contact pressure also changed from 22 kPa to 16 kPa. The 
modification resulted in about a two-fold increase in the contact area and 27.3% drop in 
contact pressure. The modified half-track tractor produced less contact pressure than that of 
the rubber track and metal track, designed by Marsili and Servadio (1996), which showed 
contact pressures of 58 kPa and 59 kPa, respectively.  
The field test was conducted in a paddy field in Ratchaburi Province. The soil was 
characterized as clay. At 0 to 15 cm depth range, the soil consisted of 33.2% sand, 15.9% silt, 
and 50.9% clay. The plow-pan layer had a cone index of less than 100 kPa and a thickness of 
0 to 30 cm. It was a swampy area (Senanarong et al., 2005) but the swampy conditions were 
prevalent only in some parts of the fields. The results of the test were similar to the studies 
reported by Senanarong et al. (2005), Sutthiwaree (2005), and Chamsing (2007) that revealed 
the swampy conditions were prevalent only in some parts of the field. The primary tillage test 
showed that the half-track tractor attached with rotary tiller and the high-lug tire tractor 
attached with rotary tiller worked successfully as shown in Table 5.5. 
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Table 5.5 Field performance parameters for a half-track tractor attached with rotary 
tiller (with a working width of 140 cm) and high-lug tire tractor attached with rotary 
tiller (with a working width of 140 cm) in primary tillage operations 
 
Note: 
**, *** 
Significant at 1% and 0.1% level 
ns
 Not significant 
Fig. 5.7 shows the half-track tractor attached with rotary tiller in the field. The important 
advantage of the half-track tractor attached with rotary tiller over the high-lug tire tractor 
attached with rotary tiller is the PTO power, as shown in Table 5.4. The PTO power of the 
high-lug tire tractor was 8.56% higher than that of the half-track tractor. Moreover, the 
increased contact area of the half-track tractor reduced the wheel slip. These results are 
similar found by Evans and Gove (1996), which revealed that tracked machines had less slip 
than wheeled machines. The decreased wheel slip supported the half-track tractor in 
performing tilling operations in swampy paddy fields. The wheel slip of the half-track tractor 
was less than the wheel slip of high lug tire tractor by 2.53 times, while the field efficiency 
was 81.25% or 1.36% higher than that of the high lug tire tractor. This was mainly because 
the traveling speed of the half-track tractor was higher than that of the high lug tire tractor 
(Esch et al., 1990). They found that track tractors had a higher travel speed and 
maneuverability than four-wheel drive tractors when working in the field. With regard to 
field capacity, the half-track tractor and the high-lug tire tractor were similar. The field 
 Primary tillage with rotary tiller 
(working width of 140 cm) 
 
    Parameters High lug-tire 
tractor 
Half-track tractor 
Mean Difference 
(Standard Error) 
Traveling speed  (m.s
−1
) 0.82 0.84 
-0.02
ns
 
(0.0095) 
Field capacity (ha.h
−1
) 0.44 0.47 
-0.03
**
 
(0.0063) 
Field efficiency (%) 80.14 81.45 
-1.31
**
 
(0.2469) 
Fuel consumption (L.ha 
-1
) 14.5 15.18 
-0.68
**
 
(0.0354) 
PTO power (kW) 26.15 23.91 
2.24
**
 
(0.1812) 
Wheel slip (%) 28.3 11.2 
17.1
***
 
(0.0548) 
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capacity measurements were 0.47 ha.h
−1
 and 0.44 ha.h
−1
 respectively. In addition, fuel 
consumption of the half-track tractor was 4.48% higher than the fuel consumption of high-lug 
tire tractor.  
 
Fig. 5.7 The half-track tractor attached with rotary tiller in the field 
5.3.1 Economic Analysis of the Machinery 
To understand the benefits of purchasing a half-track tractor and rotary tiller, a break-even 
analysis was conducted. From  Eqs. (5.11) to (5.16), and Table 5.6, the analysis suggested 
that at least 270.34 ha (Fig. 5.8) of land would be needed to reach the break-even point for a 
one-crop system. By contrast, 135.17 ha and 90.11 ha of land would be required for two-crop 
and three-crop systems, respectively, to reach the break-even point. 
Table 5.6 Economic analysis of tractor, half-track tractor, high lug tire and rotary tiller 
 
 Tractor Half-track Tractor 
High  
lug tire 
Rotary 
tiller 
Fixed 
cost 
Purchase price (P, $) 26,666.66 2,666.66 26,666.66 1,000.00 1,666.66 
Economic life (years) 7 7 7 7 7 
Salvage (10% P,$) 2,666.66 266.66 2666.66 100.00 166.66 
Annual interest rate (%) 10 10 10 10 10 
Variable 
cost 
Fuel consumption 
(Lha
-1
 ) 
15.18 - 14.50  - 
Price of oil ($ L
−1
) 0.83 - 0.83  - 
Field capacity  
(ha h
−1
) 
0.47 - 0.44  - 
Fuel cost ($ h
−1
) 5.92 - 5.29  - 
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Lubricant ($ h
−1
) 0.59 - 0.59  - 
Maintenance ($ h
−1
) 1.33 0.13 1.33 0.13 0.89 
Labor ($ h
−1
) 0.83 - 0.83  - 
Area of working/year (ha) A  A   
 
 
Fig. 5.8 Break-even point of the half-track tractor and high-lug tire tractor  
attached with rotary tiller 
The half-track tractor was well suited to an increase in the contact area and to a reduction of 
the contact pressure of conventional tractors when it is use in swampy paddy fields. When 
attached to the rotary tiller, it proved superior to conventional tractors used for primary 
tillage. Conventional tractors could not be used in soft ground conditions. The farmers tried 
to hire the track tractor (142 kW to 150 kW), but transportation cost was high and the 
contractor refused to work in this area. In some cases, farmers had to abandon land 
cultivation. The half-track tractor offered a viable alternative for farmers who are looking to 
prepare the land for growing rice in swampy paddy fields. The most important advantage of 
this machinery was the developed half-track is easily to be detached from the conventional 
tractor for further use. 
5.4 Conclusions 
This study aimed to examine the feasibility of enhancing traction by modifying a high-lug tire 
tractor into a half-track tractor, and evaluate its performance in swampy paddy fields with 
soft ground conditions of which are unsuitable for conventional tractors. Moreover, four-
wheel drive tractors with high-lug tire lack traction in swampy paddy fields had advantages 
77 
 
on field capacity, field efficiency and wheel slip. Our study shown that modifying a high-lug 
tire tractor into a half-track tractor increased the contact area into two fold from 10,474 cm
2
 
to 20,868 cm
2
. By contrast, the contact pressure changed from 22 kPa to 16 kPa (i.e., a 
decrease of 27.2%). The wheel slip changed from 28.3% to 11.2%. The change in the contact 
area improved PTO power, contact pressure, and wheel slip of the half-track tractor. Land 
preparation in swampy paddy fields using a half-track tractor attached with rotary tiller was 
more efficient than using a high-lug tire tractor attached with rotary tiller. Moreover, an 
economic analysis had demonstrated the benefits of purchasing a half-track tractor and a 
rotary tiller. At least 270.34 ha of land was needed to cover the break-even point for a one-
crop-per-year system, whilst only 135.17 ha of land was required for a two-crop system and 
90.11 ha for a three-crop system. 
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Chapter 6 
Design, Fabrication and Performance Evaluation of an Inter-Row 
Cultivator for Sugarcane Fields 
6.1 Introduction 
In Thailand, sugarcane is a main agricultural source of sugar. For sugarcane production, 
stalks are shredded, and the juice is extracted. Sugarcane juice is then processed to produce 
raw sugar, which is then refined into white sugar (Srisink, 2015; Singh and Pathak, 1994). 
In 1997, it was estimated that the annual sugarcane plantation area of Thailand was 0.48 
million ha., where 1 ha could produce sugarcane leaves and residues of approximately 11 
tons per year (Fig. 6.1). However, most of them were burnt; and this means that they did not 
return to the soil (Boontrum et at.,1997). Even though burning off sugarcane leaves and 
residues is a convenient way to avoid impacting (clogging) the implement used for the 
cultivation of the next ratoon sugarcane, farmers do not prefer burning them as these residues 
can produce a large amount of organic matters to the soil (Chainarong, 2002).  
 
Fig. 6.1 Sugarcane leaves and residues left from harvesting 
At present, there are merely two prototypes of inter-row cultivators used in sugarcane fields. 
The first one, designed by Chainarong (2002), is a rotary tiller attached to a 21-kW tractor 
with a tilling width of 80 cm. This rotary tiller with 18 European L-shaped blades is powered 
by the power take-off (PTO) shaft of the tractor. During the field performance of the rotary 
tiller, however, it was observed that the average field capacity was 0.18 ha·h
−1
, and the field 
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efficiency was 78%. This low field capacity in terms of working hours may be owing to 
limitations in the specified speeds employed in the study. 
The second cultivator mounted on a tractor (Fig. 6.2) was designed by Sngiamphongse, et al. 
(2005). This implement is offset at the rear of the tractor and is attached by three-point 
hitches. The working width is 90 cm. The PTO of the tractor is transmitted via a 67.14-kW 
gearbox, drive shaft, and driving chain system to the rotor shaft, which has a speed of 500 
rpm. The rotor shaft has four flanges; each flange is fitted with six European C-shaped blades 
in a spiral arrangement. According to a test by Sngiamphongse, et al. (2005) at a soil 
moisture content of 7.88% (db), the results indicated that an average fuel consumption of 
25.67 L·ha
−1
. However, an inter-row cultivator attached to a 63.4-kW tractor is rather 
expensive, and consumes high amount of fuel (Sngiamphongse et al., 2005) 
Accordingly, the main objectives of this research are to develop an inter-row cultivator 
prototype to be mounted on a medium-sized tractor (25.3 or 37.3 kW) for sugarcane fields 
after harvesting by hand, and to assess its use for mixing sugarcane residues in the field after 
harvesting using a sugarcane harvester. 
 
Fig. 6.2 Prototype of inter-row cultivator attached with a 63.4-kW tractor 
6.2 Materials and Methods 
The prototype of inter-row cultivator was designed to chop and mix sugarcane residues into 
the soil so as to mitigate the need for sugarcane burning. Design and fabrication components 
of the inter-row cultivator are discussed in the following sections. Furthermore, the 
evaluation of the inter-row cultivator in the field is also reported. 
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6.2.1 Mechanization to design the working width of the Inter-row cultivator 
6.2.1.1 Optimum power requirement  
Optimum power can be obtained by differentiating the total annual tractor cost setting equal 
to zero and solving for (HPT)opt  usual method of cost minimization  (Ahamed et al., 2001). 
TANC = ANFC+ANOP+ANTC              (6.1) 
6.2.1.2 Annual fixed cost   
Annual fixed cost includes tractor fixed cost and tractor operated implement fixed cost and is 
given by:  
6.2.1.3 Tractor fixed cost 
Annual tractor fixed costs include depreciation, interest, tax, insurance, and shelter.  
                           
     
    
     
             
 
  
            
 
    
   
    
   
             
 
         (6.2) 
6.2.1.3 Tractor powered implements fixed cost 
The annual fixed cost of the tractor-powered implement includes depreciation, interest, tax 
and shelter and is given by: 
                            
        
     
  
            
 
  
            
 
    
   
    
   
            
 
                 (6.3) 
6.2.1.4 Annual operating cost 
Annual tractor operating costs includes tractor operating cost and tractor powered implement 
operating cost. 
6.2.1.5 Tractor operating cost 
Tractor operating cost is made up of labour, fuel, oil and repair and maintenance. Expressing 
labour cost as a function of required working hours, and the other as specific functions of the 
hourly tractor use is given by:  
                         
                          
         
   
                
   
                   (6.4) 
              
        
           
      
     
     
   
                          
         
   
                
   
                                   (6.5) 
6.2.1.6 Tractor powered implement operating cost 
The annual tractor powered implement operating cost is negligible for rotary tine operation in 
power puddler, hence, in this study it is not considered. 
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6.2.1.7 Timeliness 
Annual timeliness cost in the usual way is the penalty for completing field operations beyond 
the optimum calendar period.  
                                 
           
              
             
                
     
                             (6.6) 
6.2.1.8 Optimum width of inter-row cultivator implements 
The annual fixed cost of tractor-powered implement is made of depreciation, intereat, tax and 
shelter. Expressing these costs as function of implement, the total annual cost of  implement 
is the sum of equations, i.e., ANFC, ANOC and ANTC. Differentiating the total annual cost 
of implement shows that the implement width terms for oil/lubricant and repair and 
maintenance disappear, and the solution for the optimum width of implement becomes: 
(Wi)opt =    
        
           
     
     
     
       
                 
     
     
                                   
 
          
      
     
  
           
 
 
   
    
  
            
 
  
           
 
 
   (6.7) 
Where ANFCi is an annual fixed cost for the operation ($), ANOCi  is an annual operating 
cost for the operation, ANOP is an annual operating cost, ANTC  is an annual fixed cost for 
the operation, DPWIi  is the draft per unit width of implement for operation (KN/m
2
), ELFli  
is the economic life of implement (yrs), ELFT is the economic life of tractor (yrs), EREQi  is 
the energy required for the operation (hp-hr/ha), FIEFi is the field efficiency of the operation,  
FMSZ is the farm size ha, HPT is the horse power of the tractor (hp), IRT is an interest rate 
of tractor per year (decimal), LCPDi is the labor cost per day for the operation. ($/hr), LCPH 
is the labor cost per hour for transport operation ($/hr), OPWHi is the optimum working 
hours for operation (hr), PHPT is the price per unit horse power of the tractor ($/hp), POIL is 
the price of the oil ($/L), PPWli is the price per width of the implement (S/hr), REWHi is the 
required working hour for operation (hr), RI is an interest rate on tractor per year (decimal), 
RIT is an insurance rate per year on tractor per year (decimal), RMFi is repair and 
maintenance for the implement, SC is a shelter charge per year (decimal), SCI is a shelter 
charge for implement, SCT is a shelter charge for tractor, SPDi is a speed of the operation 
(km/hr), SPDli is a speed of the operation (km/hr), SPFC is specific fuel consumption of 
tractor (L/hp/hr), STR is a sales tax rate (decimal), SVF is the  salvage value factor (decimal),  
TANC is a total annual cost ($), TCPH is the Tractor cost per hour ($/hr), TTi is theT ractive 
and transmission coefficient (decimal),VCRP  is the Value of crop return ($/kg), Wi is the 
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Width of the implement (m), WHPDi is the Work hour per day for operation. (hr/day), YILSi 
is the Yield loss due to delay in performing the operation (kg/ha-day).From the design of the 
working width of the inter-row cultivator. We assumed that FMSZ is the A ha, SPDi is the 3 
km/hr, FIEFi is the 80%, LCPDi is the 1.07$/hr, WHPDi is the 8 hr/day, TCPH is the 3.57 
$/hr, YILSi is the 1 kg/ha-day, VCRP is the 0.228 $/kg, PPWli is the 1.07 $/hr, SVF is the 
0.1, ELFI is the 7, RI is the 0.1, STR is the 0.07, IR is the 0.01 and SC is the 0.01. The 
optimum width of the implement is showed in Table 6.1. 
Table 6.1 Optimum width requirement for inter-row cultivator according to Ahamed et 
al. (2001). 
Farm Size (ha) Average working width of inter-row cultivator  (m) 
8 hours/day 
0.5 0.83 
1.0 1.08 
1.5 1.34 
2.0 1.56 
2.5 1.75 
3.0 1.89 
 
6.2.2 Design of the Inter-Row Cultivator 
The inter-row cultivator comprises six main components (Fig. 6.3) as follows: 
a. PTO shaft: The speed of the PTO shaft of each tractor well suited for the inter-row 
cultivator was 540 rpm. 
b. Gearbox: The gearbox is used as the transmission system of this cultivator due to its 
feature in relaying the power of the tractor via the PTO shaft to the chain box, which, in turn, 
moves the rotor blade. 
c. Rotor: The inter-row cultivator is designed with a consistent working width of 80 cm. To 
allow only one blade to make contact with the ground at the time of rotation, the blades 
attached to each flange are arranged in a spiral form. This enables the inter-row cultivator to 
consume less fuel. The rotor shaft had three flanges, each of which was fitted with six 
European C-shaped blades spaced 20 degrees apart in a spiral arrangement. 
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d. Chain box: The chain box contains 13 upper sprockets and 14 lower sprockets, all of which 
driven by a chain. 
e. Blades: European C-shaped blades (Manufacturer: Cumar, Valencia, Spain) are used 
because of their thickness (8 mm); and the size of each blade is 140 mm × 198 mm × 8 mm. 
The shape of the blades is shown in Fig. 6.4. 
f. Notch-cutting discs: Two notch-cutting discs (Manufacturer: Siam implement, Phitsanulok, 
Thailand) with a 40 cm diameter in front of the inter-row cultivator are used for cutting and 
pressing the sugarcane leaves before being chopped and mixed by the inter-row cultivator. 
The working angle of the cutting discs is parallel to the axis of tractor advancement, thus 
minimizing the possibility of blocking as a result of long leaves. 
 
Fig. 6.3 Prototype of the developed inter-row cultivator comprising (a) power take-off (PTO) shaft; 
(b) gear box; (c) rotor; (d) chain box; (e) blade; and (f) notch-cutting disc 
 
Figure 6.4 European C-shaped blade 
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6.2.3 Direct energy inputs 
According to Bowers (1992), the energy consumption of physical energy resources for 
physical tasks during field operations is defined as the direct energy input. In agricultural 
field operations, fuel is by far the most consumed energy source. Human labor, draft animal 
and mechanical power sources, among other physical energy inputs, are considered direct 
energy inputs. The energy equivalents of these power sources are presented below. 
6.2.3.1 Human labor:   
In connection with human labor, human muscle power is a primary input for physical tasks in 
cropping activities. Human power of 74.6 W (0.1 hp) is considered to be acceptable, 
according to Singh and Singh (1992). 
6.2.3.2 Mechanical power sources:  
Based on a study on energy consumption (Singh and Anuchit, 2000), there were factors, such 
as weather, soil type, and depth of tillage, impacting the consumption of energy during farm 
operation, a calculation of mechanical energy inputs included information on fuel 
consumption and working hours of mechanical power sources for different farm operations 
gathered from field surveys of individual farmers, as a result.  In addition, the average and 
estimated value based on type and size of mechanical power source gathered from the field 
survey was adopted where there was the use of hired machinery or data on fuel consumption. 
In the study Singh and Anuchit (2000), the calculation employed the energy equivalent values 
of fuel (42.32 MJ/L for gasoline fuel and 47.78 MJ/L for diesel), which are inclusive of net 
energy value and energy sequestered to mining, refining and transportation (Cervinka, 1980). 
Table 6.2 demonstrates mechanical power sources and implements for crop production 
commonly used.         
Table 6.2 Average rated power of mechanical sources in Thailand 
10. 
Average rated power (kW/unit) Range 
Power tiller 14.8 Rating  12.7-15.4 kW 
Tractor <  45 hp 29.5 Rating  29.5-56.3 kW 
Tractor >  45 hp 87.1 Rating  53.6-113.9 kW 
Irrigation pump 6.7 Rating  4.7-10.7 4 kW 
Power thresher 120.6  Rating  9.8-160.9 kW 
Power sprayer 2  Assumed  2 kW 
Rice combine harvester 227.9 Rating   194.4-261.4 kW 
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Source: Singh and Anuchit (2000) 
6.2.3.3. Physical energy input  
Only direct physical energy inputs: human labor and mechanical power sources, were used as 
energy inputs during farm operations; and the summation of energy inputs from human labor, 
draft animal and mechanical power sources was based on a calculation of total physical 
energy input for each farm operation.   
6.2.3.4 Labor energy input 
Labor energy input (MJ/ha) (6.8) 
Where Lf and Lh is a number of family labor and hired labor (persons), wdlf and wdlh  is a 
number of working days for family labor and hired labor (days), whlf and whlh  is a number of 
working hour for family labor and hired labor (h/day), Ap is a planted area (ha), l is the time 
for applying input for time l
th
  and  0.268 is the constant for unit conversion. 
6.2.3.5 Mechanical energy input  
Mechanical energy input in field operations (MJ/ha) 
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Where MFf and MFh is the fuel consumption of power source machine (L/ha) for owned and 
hired machine, Nmf and Nmh is the Number of owned farm machine and hired machine, wdmf 
and wdmh  is the working day of owned farm machine and hired machine (day), whmf and whmh 
is the working hour for owned farm machine and hired machine (hr/day), Feq is the Energy 
equivalent of fuel (MJ/L), 42.32 MJ/L for gasoline and 47.78 MJ/L for diesel (Cervinka, 
1980), Ap is the planted area (ha). 
From equation (6.9) we assumed the fuel consumption of inter-row cultivator after use in the 
sugarcane field, harvesting by hand and harvesting using the sugarcane harvester are 20 and 
18 L/ha especially, and the field capacity of the power puddler is 0.3 ha/h. The approximately 
of the mechanical energy input of the cropping and mixing after harvesting by hand is 3,182 
MJ/ha while after harvesting using sugarcane harvester is 2,778 MJ/ha. 
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61214 Energy require for the farming operation 
The energy requirement from the farming operation includes energy from human or draft 
animal, Irrigation, fertilizer and pesticides. These has been expressed in the following 
manner: 
6.2.4.1 Energy for the human labour/DA/PT 
The Mathematical expression for the energy from the human labour/DA/PT is given by  
EREQ = N x O x C   (6.10)   
Where EREQ is the Energy available or consumption from human labour hp-hr/ha or MJ/ha, 
N is the Number of human/Animal/PT (No/unit), O is the Use or operating time for the 
operation, hr and C is the Energy Coefficient, (MJ/Kg).  
6.2.4.2 Energy from Irrigation  
The energy used for the irrigation was estimated by the following expressions 
Ei = F x C    (6.11) 
Where Ei is the Energy used for the irrigation (MJ) F is the Fuel consumption (kg/hr) and C is 
the Energy Coefficient (MJ/kg). 
6.2.4.3 Energy for fertilizer and Pesticides 
The energy for fertilizer and pesticides both can be find out by the same manner, that was 
illustrated below: 
Ec = (N x Cn) +(P x Cp )+( K x Ck)    (6.12) 
Where Ec is the Energy consumption from the fertilizer and pesticides, N,P and K is the 
amount of N, P and K, fertilizer used, Kg Cn, Cp and Ck  is the energy coefficient of N P and K 
(MJ/Kg).  
6.2.4.4 Energy Output from Sugarcane Production  
The energy output was calculated from the production of rice and estimated in this study on 
the basis of the sum of total sugarcane production. In order to find the total output energy for 
sugarcane is multiplied by their energy coefficient and added together. The energy was 
estimated by the following expressions.  
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Eout = (R x Cr) + (S x Cs )       (6.13) 
Where R and S is the total amount of sugarcane production, ton/ha Cr and Cs is the energy 
coefficient of sugarcane MJ/kg. 
6.2.4.5 Energetic Efficiency Ratio 
A measure of the energetic efficiency of the rice production is the efficiency ratio, which is 
the output energy from the rice grown in MJ divided by MJ of energy expanded as total input 
to attain that yield. The definition does not include the photosynthetic energy utilized by the 
plants.  
      
                                
                                         
       (6.14) 
6.2.5 Energy Input and output for sugarcane production in ratoon cane in Thailand 
Table 6.3 Energy Input and output for sugarcane production in ratoon cane in Thailand  
Item Total (MJ/ha) 
Energy Input (MJ/ha)  
Direct Energy inputs  
Human labor 199.4 
Inter-row cultivator   
After harvesting by hand 3,182 
After harvesting by sugarcane harvester 2,778 
Indirect Energy inputs  
Energy requester for mechanical power 6,336.3 
Chemical fertilizer  
N 11,077.6 
P2O5  
K2O  
Herbicide 862.9 
Pesticide  
Total energy input  
After harvesting by hand 21,658.2 
After harvesting by sugarcane harvester 21,254.2 
Energy Output (MJ/ha)  
Main product 207,230.4 
By Product 41,446.1 
Total energy output 248,676.5 
EPR After harvesting by hand 11.48 
EPR After harvesting by sugarcane harvester 11.70 
From Table 6.3 The EPR for sugarcane production in ratoon cane after harvesting by hand 
and by sugarcane harvester are 11.48 and 11.70, respectively.  
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6.2.6 Field Evaluation 
For evaluation of designed prototype performance, a field test with 5 replications using a 25.3 
and 37.3 kW tractor with different thicknesses of the trash blanket was conducted in a 
sugarcane field in Bo Phloi, Kanchanaburi Province (Khaehanchanpong, et.al 2017). The 
layout of the field tests is shown in Fig. 6.5. Upon the completion of one pass for chopping 
and mixing, the chopping and mixing were assessed after harvesting by hand and by a 
sugarcane harvester. According to the study, the evaluation of field performance focused on 
the length of the sugarcane leaves before and after The performance evaluation and the 
practical field test were conducted as follows: 
a. The length of the sugarcane leaves was measured before and after the cultivator pass, and 
the length of the sugarcane leaves was measured before and after the cultivator pass (Fig. 
6.5). 
b. The weight of the residue left on the soil surface per area (kg·ha
−1
) was measured, and the 
sugarcane residue in the 1 m × 1 m sampling area (Fig. 6.5), which was then converted to 
total area (ha). 
c. Soil inversion (SI) was expressed as a ratio of the residue weight remaining on the soil 
surface (Equation (6.15)). 
                                                   
       
  
                                               (6.15)  
where Wp is the residue weight per unit area before the cultivator pass, and We is the residue 
weight per unit area after the cultivator pass. 
d. Effective field efficiency (EFC), theoretical field capacity (TFC), and field efficiency (FE) 
are shown in Equations (6.16), (6.17), and (6.18), respectively. 
                                                                         (6.16) 
                                                                    (6.17) 
  
                                                            
   
   
                                                        (6.18) (6.1) 
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where We is the effective working width, Ve is the effective operation speed, Tp is the 
productive time (h) (time for operating the machine in the testing area), Wt is the theoretical 
working width, Vt is the theoretical operation speed, and Tl is non-productive time (h) (time 
lost for turning, loading and adjustment, excluding refuelling and machine trouble). 
f. Operating speed: Outside the long boundary of the test plot, four poles with 20 m apart 
were placed, approximately in the middle of the test run, to form corners of a rectangle, 
parallel to at least one long side of the test plot, to measure the operating speed of the tractor. 
g. The working width: The width was the distance between the middle of the sugarcane row 
and the middle of the next row (Fig. 6.5). 
h. Fuel consumption: To measure actual fuel consumption, the tank was first fully filled; and 
then after the test, the refueling amount was calculated. 
 
Fig. 6.5 The layout of the field experiment and the working distance 
6.2.7 Economic Analysis of the Machinery 
The net incomes from the tractor and inter-row cultivator were also calculated individually. 
The details of the calculation are given below. 
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6.2.7.1. Tractor and Inter-Row Cultivator Cost 
The cost was divided into two groups: fixed costs, which include annual depreciation, 
interest, taxes, and shelter charge; and variable costs, which include fuel, oil, lubricants, 
maintenance, repairs, and labor costs. In this case, the shelter charge was not included in 
calculating the cost. 
6.3 Results and Discussion 
From a study by Khaehanchanpong, et.al. (2017), in a sugarcane field in Bo Phloi, 
Kanchanaburi Province, prior to the test run, the field was found to contain a very large 
amount of widely spread sugarcane residues. Fig. 6.6 shows the sugarcane leaves and 
residues after harvesting by hand. Fig. 6.7 shows the sugarcane residues after harvesting 
using a sugarcane harvester. The working inter-row cultivator is shown in Fig. 6.8. After the 
test run, the sugarcane leaves and residues were mixed into the soil (Fig. 6.9). 
 
Fig. 6.6 Sugarcane field after harvesting by hand 
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Fig. 6.7 Sugarcane field after harvesting using the sugarcane harvester 
 
Fig. 6.8 Inter-row cultivator operating in the field 
 
Fig.6.9 Sugarcane residues mixed into the soil by the inter-row cultivator 
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6.3.1 Inter-Row Cultivator Attached to the 25.3-kW Tractor 
Table 6.4 shows a list of specifications of the 25.3-kW tractor; and the results of the field test 
are exhibited in Table 6.5. As seen, the initial length of the sugarcane leaves collected after 
harvesting by hand was 9.62% longer than that after harvesting using the sugarcane harvester, 
while the weight of the residue left per unit area was not significantly different among the 
fields. Also, according to the study (Khaehanchanpong, et.al., 2017), the forward speed of the 
machinery, the theoretical field capacity, and the effective field capacity in all field tests were 
showed no significant difference. In addition, the field efficiency of the machinery after 
harvesting using the sugarcane harvester was 3.23% higher than that after harvesting by hand, 
and consumed 5.64% less fuel. The length of the sugarcane leaves after harvesting by hand 
was 40.80% longer than that by using the sugarcane harvester. Soil inversion was 2.08% 
greater than that by hand. 
Table 6.4 Specifications of the tractors 
Description Tractor 25.3 kW Tractor 37.3 kW 
Engine capacity (CC) 1,647 2,434 
Bore × Stroke (mm) 87 × 92.4 87 × 102.4 
Horsepower/rpm 34.7/2,700 50/2,700 
Gear combination (km·h
−1
) 1.8–22.2 2.5–29.7 
Forward speed 8 speed 8 speed 
PTO speed 540 540 
3-point hitch Category I Category I/II 
Front wheel size 8–16 8.3–24 
Rear wheel size 12.2–24 14.9–28 
Wheel base (mm) 1,610 2,000 
Weight (kg) 1, 115 1,800 
PTO: power take-off 
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Table 6.5 The performance test and the practical field test of an inter-row cultivator 
attached to a 25.3-kW tractor 
Description 
Trash Left Through 
t-Test Harvesting by 
Hand 
Harvesting Using 
the Sugarcane 
Harvester 
Field Test Condition   
 
Thickness of the trash blanket (cm) 10 10  
A length before cultivation (cm) 132.0 119.3 −5.939
** 
Weight of the residue left on the soil surface per area 
(kg·ha
−1
) 
6,500 6,600 0.615 
ns 
Results after Using the Inter-Row Cultivator    
Forward speed (m·s
−1
) 0.57 0.57 –
 
Theoretical field capacity (ha·h
−1
) 0.33 0.33 –
 
Effective field capacity (ha·h
−1
) 0.30 0.31 1.236 
ns
 
Field efficiency (%) 90.91 93.94 4.044
** 
Fuel consumption (L·ha
−1
) 19.50 18.40 3.627
** 
A length after cultivation (cm) 32.60 19.30 20.822
** 
Weight of the residue left on the soil surface per area 
(kg·ha
−1
) 
494.7 372.9 −3.247 
* 
Soil inversion (%) 92.39 94.35 0.587
 * 
 
*, **
 Significant at the 5% and 1% levels, respectively; 
ns
 Not significant. 
6.3.2 Inter-Row Cultivator Attached to the 37.3-kW Tractor 
Table 6.4 shows a list of specifications of the 37.3-kW tractor; and the results of the field test 
are exhibited in Table 6.6. As seen, the initial length of the sugarcane leaves collected after 
harvesting by hand was 5.62% longer than that after harvesting using the sugarcane harvester, 
while the weight of the residue left per unit area was not significantly different among the 
fields. Also, according to the study (Khaehanchanpong, et.al., 2017), the forward speed of the 
machinery, the theoretical field capacity, and the effective field capacity in all field tests were 
showed no significant difference. In addition, the field efficiency of the machinery after 
harvesting using the sugarcane harvester was 3.23% higher than that after harvesting by hand, 
and consumed 5.86% less fuel. The length of the sugarcane leaves after harvesting by hand 
was 44.04% longer than that by using the sugarcane harvester. Soil inversion was 1.71% 
greater than that by hand. 
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Table 6.6 The performance test and the practical field test of an inter-row cultivator 
attached to the 37.3-kW tractor 
Description 
    Trash Left Through 
t-Test Harvesting by 
Hand 
Harvesting Using 
the Sugarcane 
Harvester 
Field Test Condition    
Thickness of the trash blanket, cm   18  18  
Leaf length before cultivation (cm) 119.2 112.5  2.43
 *
 
Weight of the residue left on the soil surface per area 
(kg·ha
−1
) 
6,780 6,871 −0.610
ns
 
Results after Using the Inter-Row Cultivator    
Forward speed (m·s
−1
) 0.57 0.58 1
 ns
 
Theoretical field capacity (ha·h
−1
) 0.33 0.33 - 
Effective field capacity (ha·h
−1
) 0.30 0.31 1.12
 ns
 
Field efficiency (%) 90.91 93.94 4.047
**
 
Fuel consumption (L·ha
−1
) 20.31 19.12 3.65 ** 
Leaf length after cultivation (cm) 27.7 15.50 19.87
**
 
Weight of the residue left on the soil surface per area 
(kg·ha
−1
) 
352.95 244.86 5.24 
**
 
Soil inversion (%) 94.79 96.44 −1.25
 *
 
 
*, **
 Significant at the 5% and 1% levels, respectively; 
ns
 Not significant. 
6.3.3 Inter-Row Cultivator Attached to the 25.3-kW Tractor at Different Thicknesses of 
the Trash Blanket 
Table 6.7 shows the results of the field test. According to the study (Khaehanchanpong, 
et.al., 2017), the initial length of the sugarcane leaves of all fields showed no significant 
difference, while the residue weight on the soil surface per unit area was 11.11% higher when 
the trash blanket thickness was 18 cm. In addition, the forward speed of the machinery and 
the theoretical field capacity were not significantly different, while the effective field 
capacity differed by 3.23%. When the trash blanket thickness was 10 cm, the field efficiency 
of the machinery was 3.23% higher and the fuel consumption was 14.68% lower. When the 
trash blanket thickness was 18 cm, the length of the sugarcane leaves was 39.68% longer. By 
employing different thickness, nevertheless, the residue weight and soil inversion showed no 
significant difference. 
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Table 6.7 The performance test and the practical field test of an inter-row cultivator 
attached to the 25.3-kW tractor at different thicknesses of the trash blanket 
Description 
       Trash Thickness Level 
t-Test Thickness of 
Trash Blanket    
(10 cm) 
Thickness of 
Trash Blanket 
(18 cm) 
Field Test Condition    
Leaf length before cultivation (cm) 114.2 116.8 2.047 
ns
 
Weight of the residue left on the soil surface per 
area (kg·ha
−1
) 
5,760 6,480 10.126
**
 
Results after Using the Inter-Row Cultivator    
Forward speed (m·s
−1
) 0.56 0.56 - 
Theory field capacity (ha·h
−1
) 0.32 0.32 - 
Effective field capacity (ha·h
−1
) 0.31 0.30 1.213 
**
 
Field efficiency (%) 96.88 93.75 −4.784
**
 
Fuel consumption (L·ha
−1
) 16.62 19.48 4.792 
**
 
Leaf length after cultivation (cm) 19.17 31.78 29.748
**
 
Weight of the residue left on the soil surface per 
area (kg·ha
−1
) 
374.40 482.60 18.17 
ns
 
Soil inversion (%) 93.50 92.55 2.17 
ns
 
 
*, **
 Significant at the 5% and 1% levels, respectively; 
ns
 Not significant. 
6.3.4 Inter-Row Cultivator Attached to the 37.3-kW Tractor at Different Thicknesses of 
the Trash Blanket 
Table 6.8 shows the results of the field test. According to the study (Khaehanchanpong, 
et.al., 2017), the initial length of the sugarcane leaves of all fields showed no significant 
difference, while the residue weight on the soil surface per unit area was 14.85% higher when 
the trash blanket thickness was 18 cm. In addition, the forward speed of the machinery and 
the theoretical field capacity were not significantly different, while the effective field 
capacity differed by 6.25%. When the trash blanket thickness was 10 cm, the field efficiency 
of the machinery was 6.25% higher and the fuel consumption was 10.51% lower. When the 
trash blanket thickness was 18 cm, the length of the sugarcane leaves was 57.42% longer. By 
employing different thickness, nevertheless, the residue weight and soil inversion showed no 
significant difference. 
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Table 6.8 The performance test and the practical field test of an inter-row cultivator 
attached to the 37.3-kW tractor at different thicknesses of the trash blanket 
Description 
            Trash Thickness Level 
t-Test Thickness of Trash 
Blanket (10 cm) 
Thickness of  Trash 
Blanket (18 cm) 
Field Test Condition    
Leaf length before cultivation (cm) 114.5 118.0 2.152
ns
  
Weight of the residue left on the soil 
surface per area (kg·ha
−1
) 
5,620 6,600 12.126
** 
Results after Using the Inter-Row 
Cultivator 
   
Forward speed (m·s
−1
) 0.58 0.58 – 
Theoretical field capacity (ha·h
−1
) 0.33 0.33 – 
Effective field capacity (ha·h
−1
) 0.32 0.30 1.454 
**
 
Field efficiency (%) 96.97 90.91 −5.409
**
 
Fuel consumption (L·ha
−1
) 17.79 19.88 2.778 
**
 
Leaf length after cultivation (cm) 15.50 36.40 53.964
**
 
Weight of the residue left on the soil 
surface per area (kg·ha
−1
) 
243.35 325.74 21.59 ns 
Soil inversion (%) 95.67 95.06 1.82 
ns
 
 
*, **
 Significant at the 5% and 1% levels, respectively; ns Not significant. 
As can be seen from Table 6.5–6.8, the performance of the inter-row cultivator can be 
summarized that all in all the percentage of soil inversion, higher than 90% in all tested 
fields, suggested the high effectiveness of the cultivator in chopping and mixing the 
sugarcane residue into the soil.  
6.3.5. Economic Analysis of the Machinery 
From Equations (6.1)–(6.6), along with Table 6.9 and Fig. 6.10, the break-even point for 
purchasing a 25.3-kW tractor and an inter-row cultivator and a 37.3-kW tractor and an inter-
row cultivator is the cultivation of at least 48.15 ha and of at least 101.81 ha, respectively.      
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Fig. 6.10 Break-even points of a tractor and an inter-row cultivator with tractors operating 
 at 25.3 kW and 37.3 kW 
Table 6.9 Economic analysis of a tractor and an inter-row cultivator 
Description 25.3-kW Tractor 37.3-kW Tractor Inter-Row Cultivator 
Fixed Costs    
Purchase price (P, $) 13,333.33 26,666.66 2,166.66 
Economic life (years) 7 7 7 
Salvage (10% P, $) 1,333.33 2,666.66 216.66 
Annual interest rate (%) 10 10 10 
Variable Costs    
Fuel consumption (L·ha
−1
) 19.50 19.88 – 
Price of oil ($·L
−1
) 0.83 0.83 – 
Field capacity (ha·h
-1
) 0.32 0.33 – 
Fuel cost ($·h
−1
) 5.18 5.45 – 
Lubricant ($·h
−1
) 0.47 0.59 – 
Maintenance ($·h
−1
) 6.66 13.33 1.08 
Labor ($·h
−1
) 0.83 0.83 – 
Break-even point (ha) 48.15 101.81 – 
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6.4 Conclusion 
A prototype of an inter-row cultivator was developed to at once minimize the practice of 
burning off sugarcane leaves and increase the organic matters in sugarcane fields. The inter-
row cultivator was designed with working width of 80 cm, a total weight of 518 kg, and a 
speed of 500 rpm. The performance of the implement was quantified in terms of chopping, 
mixing, and residue burial. Considering soil inversion, it also indicates that the inter-row 
cultivator operates at a very high percentage of residue chopping and mixing into the soil.  
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Chapter 7 
The Equipment for Harvesting Oil Palm in Primary Stage 
7.1 Introduction 
At present, oil palm farmers are facing problems of harvesting in the primary stage due to a 
lack of skills and techniques, funding to hire skilled labour, and implement well suited for the 
task. According to traditional oil palm harvesting, farmers chiefly used conventional 
equipment, such as chisel and sickle to laboriously harvest oil palm bunches (Kritsanaseranee 
et.al.,1993). The chisel is normally used for harvesting oil palms in the primary stage (3-8 
years old), and the sickle is used when oil palms are over 8 years old. The use of chisel and 
sickle for oil palm harvesting is shown in Fig. 7.1 and 7.2. 
 
Fig. 7.1 Harvesting done by a chisel 
 
Fig. 7.2 Harvesting done by a sickle 
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Sngiamphongse (2008) reported that prior to oil palm harvesting in the primary, the green 
leaves need to be retained because bush-shaped oil palms provide high productivity. Many 
Thai farmers, however, still conduct harvesting by themselves with conventional equipment; 
but they are unable to harvest a bunch in one cutting time due to a lack of skills. As a result, 
they have to cut it again, but not in the same position. This causes wounds on the palm tree, 
which leads to stress condition, an increase in plant respiration rate, resulting in the plant stop 
growing up or die (Feungchan, 2001). 
Manthamkan (2003) found that with normal chisel weight about 4 kg, harvesting by a chisel 
requires human force of about 30-50 kg. To make use of this tool efficiently, farmers must be 
highly skilled and strong enough to handle it.  
The main objective of this research is to develop a new implement that is capable of reducing 
the effect of action force, the wounds on oil palm stress condition, an increase in plant 
respiration rate, and inhibition of plant growth. 
7.2 Materials and Methods 
It is suggested by Srikul (2004) that oil palm harvesting be carried out very carefully without 
the violently impact force on oil palm or as low an impact as possible. As a result, this 
research focuses on a new method that can provide a way to avoid such condition. According 
to the findings, a spring and pneumatic mechanisms are suitable for reducing the impact force 
that induces the torn wounds on palm tree while the oil palm being harvested. 
The new implements, a spring chisel and a pneumatic harvesting tool, for harvesting oil 
palms in the primary stage are developed to substitute conventional tools. The spring chisel is 
designed with a spring mechanism that helps increase the action force to get more impact 
force for cutting oil palm bunches. Also, the pneumatic harvesting tool has a pneumatic 
mechanism that uses air pressure to produce vibration on the chisel blade for cutting oil palm 
bunches. The spring system and the pneumatic system facilitate the harvesting process by 
locating the chisel blade near the oil palm bunch without causing some stress wounds.  
The flow chart of the design and development of the spring chisel and the pneumatic 
harvesting tool is shown in Fig. 7.3. 
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Fig. 7.3 Flow chart of design and development of spring chisel and the pneumatic harvesting tool 
7.2.1 Spring chisel 
The spring chisel comprises three parts: a handle, a spring mechanism, and a chisel. The 
prototype of the spring chisel is shown in Fig. 7.4. 
 
Fig. 7.4 Prototype of the spring chisel 
Part A is the handle that was made from aluminum, which can reduce the weight of the 
equipment and has high resistance to rust. Part B is the spring mechanism that helps increase 
the action force, for more impact force for cutting oil palm bunches. Part C is the chisel that 
employed conventional blade. With this design, farmers are able to choose a proper blade 
size, and also replace another blade by themselves. After assembling every parts together, the 
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spring chisel has the weight of approximately 4.5 kg, considerably similar to a conventional 
chisel. The assembly of the spring chisel is shown in Fig. 7.5. 
 
Fig. 7.5 Assembly of spring chisel 
7.2.1.1 The spring durability testing 
A study by Khaehanchanpong and Takigawa (2011) conducted the spring chisel durability 
test by pressing the tool placed on a wood plate 20,000 times. 
7.2.1.2 The spring impact force test 
A laboratory test on the impact force was conducted; and measurement of the impact force 
after the spring worked using load cell. 
Starting with the calibration test, the calibration curve of load cell was created by increasing 
the weight every 5 kg from 0 to 100 kg. The data were recorded by a data logger in voltage 
and analyzed as the calibration graph. The spring impact force test is shown in Fig. 7.6. 
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Fig. 7.6 Spring impact force test 
7.2.1.3 Field test 
The field test by Khaehanchanpong and Takigawa (2011) was conducted at Kaosaming, Trat 
with farmers who owned 0.16 ha of oil palm production. The harvesting test was carried out 
with 5 replications. In addition, torn wound data were collected for a comparison of a number 
of wounds caused by both implements. The characteristic of torn wound is shown in Fig. 7.7. 
 
Fig. 7.7 Wound from harvesting 
71212  Direct energy inputs for conventional chisel and spring chisel 
According to Bowers (1992), the energy consumption of physical energy resources for 
physical tasks during field operations is defined as the direct energy input. In agricultural 
field operations, fuel is by far the most consumed energy source. Human labor, draft animal 
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and mechanical power sources, among other physical energy inputs, are considered direct 
energy inputs. The energy equivalents of these power sources are presented below. 
7.2.2.1 Human labor   
In connection with human labor, human muscle power is a primary input for physical tasks in 
cropping activities. Human power of 74.6 W (0.1 hp) is considered to be acceptable, 
according to Singh and Singh (1992). 
7.2.2.2 Mechanical power sources 
Based on a study on energy consumption (Singh and Anuchit, 2000), there were factors, such 
as weather, soil type, and depth of tillage, impacting the consumption of energy during farm 
operation, a calculation of mechanical energy inputs included information on fuel 
consumption and working hours of mechanical power sources for different farm operations 
gathered from field surveys of individual farmers, as a result.  In addition, the average and 
estimated value based on type and size of mechanical power source gathered from the field 
survey was adopted where there was the use of hired machinery or data on fuel consumption. 
In the study Singh and Anuchit (2000), the calculation employed the energy equivalent values 
of fuel (42.32 MJ/L for gasoline fuel and 47.78 MJ/L for diesel), which are inclusive of net 
energy value and energy sequestered to mining, refining and transportation (Cervinka, 1980). 
Table 7.1 demonstrates mechanical power sources and implements for crop production 
commonly used.         
Table 7.1 Average rated power of mechanical sources in Thailand 
Power source 
Average rated power (kW/unit) Range 
Power tiller 14.8 Rating  12.7-15.4 kW 
Tractor <  45 hp 29.5 Rating  29.5-56.3 kW 
Tractor >  45 hp 87.1 Rating  53.6-113.9 kW 
Irrigation pump 6.7 Rating  4.7-10.7 4 kW 
Power thresher 120.6  Rating  9.8-160.9 kW 
Power sprayer 2  Assumed  2 kW 
Rice combine harvester 227.9 Rating   194.4-261.4 kW 
Source: Singh and Anuchit (2000) 
7.2.2.3. Physical energy input  
Only direct physical energy inputs: human labor and mechanical power sources, were used as 
energy inputs during farm operations; and the summation of energy inputs from human labor, 
105 
 
draft animal and mechanical power sources was based on a calculation of total physical 
energy input for each farm operation.   
7.2.2.4 Labor energy input 
Labor energy input (MJ/ha) (7.1) 
 
Where Lf and Lh is a number of family labor and hired labor (persons), wdlf and wdlh  is a 
number of working days for family labor and hired labor (days), whlf and whlh  is a number of 
working hour for family labor and hired labor (h/day), Ap is a planted area (ha), l is the time 
for applying input for time l
th
  and  0.268 is the constant for unit conversion. 
From equation 7.1 for conventional chisel we assumed the number of family labor is 1, 
number of hire labor is 3 time for harvesting is 0.66 hr/ha. The Labor energy input is 0.71 
MJ/ha. For spring chisel we assumed the number of family labor is 2, time for harvesting is 
0.39 hr/ha. The Labor energy input is 0.21 MJ/ha. 
7.2.3 The Pneumatic Harvesting Tool  
The pneumatic harvesting tool comprises five parts: an engine, an accumulator, a compressor, 
a working element, and a chisel. The prototype of pneumatic harvesting tool is shown in Fig. 
7.8. 
 
Fig. 7.8 Prototype of pneumatic harvesting tool 
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Part A was a gasoline 4.1 kW, engine which originated power to make air pressure with the 
compressor (Part B). The air pressure was stored in Part C, the accumulator. For the 
operation, the pneumatic switch was pushed by the farmer, and the air pressure was, then, 
sent to Part D, working element, for making vibration at Part E, chisel, to cut the oil palm 
bunch. The pneumatic harvesting tool is shown in Fig. 7.9. 
 
Fig. 7.9 Pneumatic harvesting tool 
7.2.3.1 Field test 
The field test by Khaehanchanpong and Takigawa (2011) was conducted at Kaosaming, Trat 
with farmers who owned 0.16 ha of oil palm production. The harvesting test was carried out 
with 5 replications. In addition, torn wound data were collected for a comparison of a number 
of wounds caused by both implements. The characteristic of torn wound is shown in Fig. 7.7. 
After the data were collected, it was observed that in the accumulator of the tool, there 
remained some air pressure. Thus chisel blade was added from one blade to three blades and 
tested by the field test to compare the harvesting data between the three blade pneumatic 
harvesting tool and three conventional chisel. The three blades pneumatic harvesting tool is 
shown in Fig. 7.10. 
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Fig. 7.10 Three blades pneumatic harvesting tool 
71214  Direct energy inputs for pneumatic harvesting tool 
According to Bowers (1992), the energy consumption of physical energy resources for 
physical tasks during field operations is defined as the direct energy input. In agricultural 
field operations, fuel is by far the most consumed energy source. Human labor, draft animal 
and mechanical power sources, among other physical energy inputs, are considered direct 
energy inputs. The energy equivalents of these power sources are presented below. 
7.2.4.1 Human labor 
In connection with human labor, human muscle power is a primary input for physical tasks in 
cropping activities. Human power of 74.6 W (0.1 hp) is considered to be acceptable, 
according to Singh and Singh (1992). 
7.2.4.2 Mechanical power sources 
Based on a study on energy consumption (Singh and Anuchit, 2000), there were factors, such 
as weather, soil type, and depth of tillage, impacting the consumption of energy during farm 
operation, a calculation of mechanical energy inputs included information on fuel 
consumption and working hours of mechanical power sources for different farm operations 
gathered from field surveys of individual farmers, as a result.  In addition, the average and 
estimated value based on type and size of mechanical power source gathered from the field 
survey was adopted where there was the use of hired machinery or data on fuel consumption. 
In the study Singh and Anuchit (2000), the calculation employed the energy equivalent values 
of fuel (42.32 MJ/L for gasoline fuel and 47.78 MJ/L for diesel), which are inclusive of net 
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energy value and energy sequestered to mining, refining and transportation (Cervinka, 1980). 
Table 7.1 demonstrates mechanical power sources and implements for crop production 
commonly used.         
7.2.4.3. Physical energy input  
Only direct physical energy inputs: human labor and mechanical power sources, were used as 
energy inputs during farm operations; and the summation of energy inputs from human labor, 
draft animal and mechanical power sources was based on a calculation of total physical 
energy input for each farm operation.   
7.2.4.4 Mechanical energy input  
Mechanical energy input in field operations (MJ/ha) 
    





sl
l
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1
.....
   (7.2) 
Where MFf and MFh is the fuel consumption of power source machine (L/ha) for owned and 
hired machine, Nmf and Nmh is the Number of owned farm machine and hired machine, wdmf 
and wdmh  is the working day of owned farm machine and hired machine (day), whmf and whmh 
is the working hour for owned farm machine and hired machine (hr/day), Feq is the Energy 
equivalent of fuel (MJ/L), 42.32 MJ/L for gasoline and 47.78 MJ/L for diesel (Cervinka, 
1980), Ap is the planted area (ha). 
From equation 7.2 for pneumatic harvesting tool we assumed the number of family labor is 2, 
time for harvesting is 0.66 hr/ha. The fuel consumption is 0.625 L/ha. Feq of the gasoline is 
42.32 MJ/L. The Mechanical Energy input is 16.93 MJ/ha.  
71215 Energy Require for the farming operation 
The energy requirement from the farming operation includes energy from human or draft 
animal, Irrigation, fertilizer and pesticides. These has been expressed in the following 
manner: 
7.2.5.1 Energy for the human labour/DA/PT 
The Mathematical expression for the energy from the human labour/DA/PT is given by  
EREQ = N x O x C   (7.3)   
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Where EREQ is the Energy available or consumption from human labour hp-hr/ha or MJ/ha, 
N is the Number of human/Animal/PT (No/unit), O is the Use or operating time for the 
operation, hr and C is the Energy Coefficient, (MJ/Kg).  
 
7.2.5.2 Energy from Irrigation  
The energy used for the irrigation was estimated by the following expressions 
Ei = F x C    (7.4) 
Where Ei is the Energy used for the irrigation (MJ) F is the Fuel consumption (kg/hr) and C is 
the Energy Coefficient (MJ/kg).  
 
7.2.5.3 Energy for fertilizer and Pesticides 
The energy for fertilizer and pesticides both can be find out by the same manner, that was 
illustrated below: 
Ec = (N x Cn) +(P x Cp )+( K x Ck)    (7.5) 
Where Ec is the Energy consumption from the fertilizer and pesticides, N,P and K is the 
amount of N, P and K, fertilizer used, Kg Cn, Cp and Ck  is the energy coefficient of N P and K 
(MJ/Kg).  
7.2.5.4 Energy Output from oil palm Production  
The energy output was calculated from the production of oil palm and estimated in this study 
on the basis of the sum of total oil palm production. In order to find the total output energy 
for oil palm is multiplied by their energy coefficient and added together. The energy was 
estimated by the following expressions.  
Eout = (R x Cr) + (S x Cs )      (7.6) 
Where R and S is the total amount of oil palm production, ton/ha Cr and Cs is the energy 
coefficient of oil palm production MJ/kg. 
7.2.5.5 Energetic Efficiency Ratio 
A measure of the energetic efficiency of the rice production is the efficiency ratio, which is 
the output energy from the rice grown in MJ divided by MJ of energy expanded as total input 
to attain that yield. The definition does not include the photosynthetic energy utilized by the 
plants.  
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               (7.7) 
7.2.6 Energy Input and output for oil palm production in Thailand 
Table 7.2 Energy Input and output for oil palm production in Thailand. 
Item Total (MJ/ha) 
Direct Energy Input  
Holing in large polybags 7.53 
Seedlings delivering 7.79 
Soil topping in large polybags 28.22 
Transferring large polybags 44.10 
Soil Filling in large polybags 78.24 
Soil Filling in small polybags 9.13 
Seedlings planting in large polybags 7.20 
Spraying 30.19 
Planting geminated seed in small polybags 0.64 
For oil palm field operations  
Lining 27.15 
Seedlings delivering 15.40 
Seedlings Planting 15.31 
Immature palm fertilizing 182.93 
Circle spraying 1,147.60 
Pest Control 6.84 
Harvesting by Spring Chisel  25.73 
In field loose fruit collection 82.33 
In direct energy input  
Holing 2.84 
Harvesting by Pneumatic harvesting tool 1,229.28 
Mature palm fertilizing 81.16 
In field FFB collection-transportation 12,733.5 
Mainline transportation  575.90 
Total Energy Input Harvesting by Spring Chisel 15,110.44 
Total Energy Input Harvesting by Pneumatic harvesting tool 16,314 
Total Energy Output for oil palm production 50,505 
EPR (Spring Chisel) 3.34 
EPR (Pneumatic Harvesting Tool) 3.10 
From Table 7.2 The EPR for oil palm production in Thailand with spring chisel and 
pneumatic harvesting tool are 3.34 and 3.10 MJ/ha respectively. 
7.3 Results and Discussion 
7.3.1 The Spring Chisel Test 
7.3.1.1 The spring durability test 
The result of this test showed that the structure of unchanged spring. The result is shown in 
Fig. 7.11 
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Fig. 7.11 Spring shape before and after being pressed 20,000 times 
 
7.3.1.2 The spring impact force testing results 
From a test by Khaehanchanpong and Takigawa (2011) the action force was at 27.58±0.45 
kg. The impact force increased to 43.75±1.24 kg, which was able to cut effectively the oil 
palm bunches. 
7.3.1.3 Field test 
The results of this test showed that the torn wounds of the spring chisel were 5%, while the 
torn wounds of the conventional chisel were 80%. Although harvesting of oil palms by a 
spring chisel presents a rate slower than that using a conventional chisel, a number of torn 
wounds was fewer. A comparison of the field capacity between the spring chisel and a 
conventional chisel is shown in Table 7.3. 
Table 7.3 The comparison of the field capacity between the spring chisel and a 
conventional chisel 
Treatment Harvesting (sec/bunch) 
Conventional Chisel 6.30±0.25 
Spring Chisel   type 11.50±1.07 
t-test -6.37
**
 
**
 Significant at the 1% level 
 
 
112 
 
7.3.2 The Pneumatic Harvesting Tool Test 
7.3.2.1 Field test (One chisel blade) 
The results of this test by Khaehanchanpong and Takigawa (2011) showed that the torn 
wounds caused by the pneumatic harvesting tool were 6%, while the torn wounds by a 
conventional chisel were 80%. Although the harvesting time was not statistically different, 
the farmers were not required to use much power for harvesting the oil palm bunch. A 
comparison of the field capacity between the pneumatic harvesting tool and a conventional 
chisel is shown in Table 7.4. 
Table 7.4 The comparison of the field capacity between the pneumatic harvesting tool 
and a conventional chisel 
Treatment 
Harvesting (sec/bunch) 
Conventional Chisel 6.30±0.25 
Pneumatic harvesting tool 6.74±0.14 
t-test -3
ns
 
ns
 Not significant. 
7.3.2.2 Field test (three chisel blades) 
A comparison of the field capacity between the pneumatic harvesting tool and three chisel 
blades and the three conventional chisels working together is shown in Table 7.5 
Table 7.5 The comparison of the average field capacity between the pneumatic 
harvesting tool with three chisel blades and the three conventional chisels working 
together 
Treatment Harvesting (sec/bunch) 
Conventional Chisel 12.04±0.34 
Pneumatic harvesting tool 8.17±0.21 
t-test 2.64
*
 
 
*
 Significant at the 5% level 
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7.4 Conclusions 
Even though the harvesting time per bunch of the spring chisel was higher than a 
conventional chisel, the use of designed equipment can help minimize the torn wounds on oil 
palms during harvesting, from 80% to 5%. As for the pneumatic harvesting tool, it can help 
minimize the torn wounds, from 80% to 6%. For the pneumatic harvesting tool with one 
chisel blade, the field capacity was similar to that of a conventional chisel with one blade. 
However, the pneumatic harvesting tool can be operated together with three chisel blades. 
Both of the new equipment, the spring chisel and the pneumatic harvesting tool, therefore, 
can be employed as a new alternative for oil palm farmers. 
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Chapter 8  
Extension Dissemination of Agricultural Implements and Machinery for Small Scale 
Farmers 
8.1 Introduction 
In Thailand, promotion of making use of agricultural machines has experienced difficulty as 
urging farmers, especially small-scale farmers who produce rice in swampy areas, sugarcane 
and oil palms, to recognize importance of such machinery necessitates demonstration. These 
groups of farmers have low purchasing power; and therefore they need to be assured that a 
machine they are about to purchase is suitable for their agricultural activities. As seen from 
the findings in the previous chapter, farmers are in search of an agricultural machine to use in 
preparing land in swampy areas, incorporating sugarcane leaves into soil in order to increase 
organic matters in soil, and harvesting oil palms in the primary stage in order to prevent oil 
palms’ death.  After the completion of this research, therefore, promotion of manufacturing 
and selling the machines commercially and dissemination of the work to farmers are a 
challenge of the research team in terms of introducing the agricultural machinery undergone 
the full research to as many small-scale farmers as possible. 
8.2 Objectives  
The objectives of research dissemination are as follows: 
1. To encourage companies to employ the prototypes for manufacturing and selling the 
products commercially. 
2. To provide farmers with accessibility to the research-proven machines (power puddler, 
half-track tractor, inter-row cultivator, spring chisel type and pneumatic harvesting tool). 
3. To bring about satisfaction of farmers with machinery uses. 
4. To establish an understanding of importance in decision criteria for investment in 
agricultural machinery as researchers can employ this as basic data for carrying out a 
design of a machine that more suitable for the needs of Thai farmers. 
810 Materials and Methods 
The introduction of the machines to farmers began after the completion of the research by 
which the research team disseminated the work via a number of media, namely television 
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broadcasting, newspapers, and online media, to farmers facing a problem of using small-scale 
agricultural machines in all regions; for example, those in the central region with a problem 
of preparing land in swampy area; those in the northeastern region with a problem of 
incorporating sugarcane leaves into soil; and those in the southern region with a problem of 
harvesting oil palms in the primary stage. After dissemination, an assessment of farmer 
satisfaction with accessibility to such machines was also conducted. This was done through 
the use of a questionnaire for the analytic hierarchy process: AHP (the questions are shown in 
the appendix). An analysis for decision making in agricultural machinery selection was 
decomposed into hierarchies of goal, criteria, and alternatives, each of which was rated by 
respondents for importance or preference (criteria or alternatives) through a AHP 
comparison, in a descending order, with 5 scales of measurement, as demonstrated in Table 
8.1. 
Table 8.1 The AHP Comparison Scale  
Qualitative Quantitative 
Equally important 1 
Moderately more important 3 
Strongly more important 5 
Very Strongly more important 7 
Extremely more important 9 
 
Importance of criteria or alternative in each stage can be calculated with the following 
equation:  
                            (8.1) 
Where A is a square matrix representing opinions of the respondents in a numerical form, 
which was normalized to 1; w is an eigenvector representing weight of importance of items in 
the same scale or a group of items under those in a higher hierarchy   
   
       
   
       
  
Several steps were followed to develop the CR. First, a consistency vector was derived by 
multiplying the pairwise matrix by the weights vector:  
 
         
         
         
 *  
   
   
   
  =  
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Then, the consistency measure was derived from the following equations:  
      
 
   
                                    8.2) 
      
 
   
                                      (8.3) 
          
 
   
                                  8.4) 
aij = 1/aji = importance of items compared in a pair; value is between 0-1 
w=       
   
      
          (8.5)  
Where k is a calculation at K time; and e is a unit vector 
Consistency of the respondents’ opinions derived from a pairwise comparison may be 
inconsistent or represents an error as inconsistency or error is something that can occur in a 
pairwise comparison, a consistency test is hence required, through a use of consistency index 
(CI). If CI > 0.1, it means that rated importance derived from a pairwise comparison is 
inconsistent, and thus requiring normalization for comparison of a new pair prior to 
furthering the analytical process.   
         
  
  
    (8.6) 
Where CI (Consistency Index), CR (Consistency Ratio), and RI (Random Inconsistency 
Index), are dependent upon a size of square matrix, shown in Table 8.2. 
               CR =  
      
   
                       (8.7) 
Where n is a size of square matrix 
Table 8.2 Random inconsistency index (RI) 
n RI n RI n RI 
1 0 6 1.24 11 1.51 
2 0 7 1.32 12 1.48 
3 0.58 8 1.41 13 1.56 
4 0.90 9 1.46 14 1.57 
5 1.12 10 1.49 15 1.59 
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The steps of the analytic hierarchy process as below (Fig 8.1). 
 
Fig 8.1 Criteria analysis for selection of agricultural machinery 
8.4 Study of criteria affecting selection of agricultural machinery  
The questionnaire with the focus on steps of decision making in agricultural machinery 
selection for the use in the fields: rice, sugarcane, and oil palm, was distributed to 5 sample 
groups, each of which comprised two farmers. These respondents, either progressive farmer 
group leaders or members of a cooperative with a more than ten years experience in farming 
each particular crop, were questioned in accordance with a particular type of the machinery: 
power puddler, half-track tractor, inter-row cultivator, spring chisel, and pneumatic 
harvesting tool.  
From a review of Chamsing (2007), it was found that the three main criteria for agricultural 
machinery selection by farmers for their own use in the fields were cost, power source, and 
field capacity. Also a preliminary study of the researcher team suggested that, at present, 
decision criteria for investment in agricultural machinery of Thai farmers corresponded with 
a study of Chamsing in 2007 as most Thai farmers earn an income per ha at a low level; and 
thus these factors still play a significant role. Accordingly, this research, focusing on 
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machinery used in land preparation in rice fields, incorporating sugarcane leaves, and 
harvesting oil palm in the early stage, employed these criteria for formulating a questionnaire, 
as seen in Appendix A: cost, power source, and field capacity. These criteria were compared 
in a pair, at a time, to ascertain as to which criterion was more important. A consistency test 
was then carried out to conclude the best alternatives. 
The main objective of this study is, therefore, to establish an understanding of importance in 
decision criteria for investment in agricultural machinery as researchers can employ this as 
basic data for carrying out a design of a machine that more suitable for the needs of Thai 
farmers. 
815 Results and discussion  
8.5.1 Adaption Phase of Machinery 
All the machinery in this research have been widely used in small-scale farming areas in 
Thailand, the prototype of which has been manufactured and sold commercially by a number 
of companies as below. 
The number of the companies, a number of the small-scale farmers to use the power puddler, 
half-track tractor, inter-row cultivator, spring chisel and pneumatic harvesting tool and the 
cover area is showed in Table 8.3. Also, Fig 8.2 represents the year of research 
commencement (for each machine), the year of completion, and the year of starting 
manufacturing and selling the products commercially: the research on half-track tractor was 
commenced in 2005 and completed in 2 years, 2007 - the same year that the prototype was 
first manufactured and sold; the research on power puddler was commenced in 2006 and 
completed in 1 year, 2007 - the same year that the prototype was first manufactured and sold;  
the research on oil palm harvester was commenced in 2007 and completed in 2 years, 2009 - 
the same year that the prototype was first manufactured and sold; and the research on inter-
row cultivator was commenced in 2013 and completed in 2 years, 2015 - the same year that 
the prototype was first manufactured and sold. 
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Fig 8.2 Adaption phase of the machineries 
Table 8.3 Name of companies, a number of users, and the cover area 
Machinery Name. of company No. of 
users 
Cover area 
(ha) 
Power puddler 
Half-track tractor 
Inter-row cultivator 
Spring chisel 
Pneumatic harvesting 
tool 
Siam Implement Co. Ltd., Worapanit Co.Ltd. 
Korsanengyon co. Ltd.  
Siam Implement Co. Ltd 
Jakavan1 Co. Ltd. 
Jakavan1 Co. Ltd.  
3,000 
40 
5,000 
5,000 
5 
14,400 
192 
24,000 
24,000 
24 
 
81512 Results of Study of criteria affecting selection of agricultural machinery 
From the interview, discussed in section 8.4, with growers of rice in the central region, 
sugarcane growers in the northeast, and oil palm growers in the south during November, 
2017, the findings of the criteria, and their weight, for selection of agricultural machinery: 
power puddler, half-track tractor, inter-row cultivator, spring chisel, and pneumatic 
harvesting tool, are shown in Table 8.4. 
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Table 8.4 Weight of farmers’ decision criteria for investment in Agricultural Machinery 
 
 
 
 
 
Cost 
Power Puddler Half track tractor Inter-row 
cultivator 
Spring Chisel Pneumatic 
Harvesting tool 
Weight 
Fr1 Fr2 Ave Fr1 Fr2 Ave Fr1 Fr2 Ave Fr1 Fr2 Ave Fr1 Fr2 Ave 
0.51 0.49 0.50 0.48 0.49 0.48 0.43 0.50 0.465 0.35 0.34 0.34 0.40 0.49 0.445 
Power 
Source 
0.10 0.08 0.09 0.08 0.06 0.07 0.12 0.08 0.10 0.08 0.11 0.09 0.14 0.08 0.11 
Field 
Capacity 
0.39 0.43 0.41 0.44 0.45 0.44 0.45 0.42 0.435 0.57 0.55 0.56 0.46 0.43 0.445 
CR 
 
0.07 0.01  0.01 0.01  0.05 0.02  -0.26 -0.26  -0.13 0.01  
 Fr mean farmer 
8.5.2.1 Weight of farmers’ decision criteria for investment in power puddler  
From Table 8.4, the results of weight calculation from the interview with 2 farmers indicated 
as a consequence, CR of the respondent 1 and 2, lower than 0.1 - all factors are consistent 
with one another, were used to compute a weighted average, and the results demonstrated that 
the criteria for power puddler selection: cost, field capacity, and power source, were at 50%, 
41%, and 9%, respectively. 
8.5.2.2 Weight of farmers’ decision criteria for investment in half-track tractor  
From Table 8.4, the results of weight calculation from the interview with 2 farmers indicated 
as a consequence, CR of the respondent 1 and 2, lower than 0.1 - all factors are consistent 
with one another, were used to compute a weighted average, and the results demonstrated that 
the criteria for half-track tractor selection: cost, field capacity, and power source, were at 
48.5%, 44.5% and 7%, and respectively. 
8.5.2.3 Weight of farmers’ decision criteria for investment in inter-row cultivator 
From Table 8.4, the results of weight calculation from the interview with 2 farmers indicated 
as a consequence, CR of the respondent 1 and 2, lower than 0.1 - all factors are consistent 
with one another, were used to compute a weighted average, and the results demonstrated that 
the criteria for inter-row cultivator selection: cost, field capacity, and power source, were at 
46.5%, 43.5%, and 10%, respectively. 
8.5.2.4 Weight of farmers’ decision criteria for investment in spring chisel 
From Table 8.4 the results of weight calculation from the interview with 2 farmers indicated 
as a consequence, CR of the respondent 1 and 2, lower than 0.1 - all factors are consistent 
with one another, were used to compute a weighted average, and the results demonstrated that 
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the criteria for spring chisel selection: cost, field capacity, and power source, were at 34.5%, 
56%, and 9.5%, respectively. 
8.5.2.5 Weight of farmers’ decision criteria for investment in pneumatic harvesting tool 
From Table 8.4, the results of weight calculation from the interview with 2 farmers indicated 
as a consequence, CR of the respondent 1 and 2, lower than 0.1 - all factors are consistent 
with one another, were used to compute a weighted average, and the results demonstrated that 
the criteria for pneumatic harvesting tool selection: cost, field capacity, and power source, 
were at 44.5%, 44.5%, and 11%, respectively. 
8.5.3 Weight of farmers’ decision criteria for investment in agricultural machinery 
From Table 8.4, it can be summarized as follows. For rice production, the criteria for 
selection of power puddler, a machine for land preparation in primary and secondary tillage, 
the farmers attached importance to cost as the main criterion, followed by field capacity and 
power source, with the weight of 50%, 41%, and 9%, respectively. For the criteria for 
modification of a 4-wheeled tractor to a half-track tractor, cost and field capacity presented 
the similar weight, followed by power source, being: 48.5%, 44.5%, and 7%, respectively.  
Table 8.5 Weights for deciding the criteria of Technology farmers’ according to criteria 
for investment in agricultural machinery 
 Rice 
(Land preparation) 
Sugarcane Oil palm 
 (Cultivator) (Harvester) 
 Weight (%) 
Criteria 
 
Power puddler Half track 
tractor 
Inter-row 
cultivator 
Spring 
chisel 
Pneumatic 
harvesting tool 
Cost 50 48.5 46.5 34.5 44.5 
Field capacity 41 44.5 43.5 56.0 44.5 
Power source 9 7 10 9.5 11 
 
From Table 8.5, it can be summarized as follows. For rice production, the criteria for 
selection of power puddler, a machine for land preparation in primary and secondary tillage, 
the farmers attached importance to cost as the main criterion, followed by field capacity and 
power source, with the weight of 50%, 41%, and 9%, respectively. For the criteria for 
modification of a 4-wheeled tractor to a half-track tractor, cost and field capacity presented 
the similar weight, followed by power source, being: 48.5%, 44.5%, and 7%, respectively.  
For sugarcane production, the criteria inter-row cultivator selection were cost, field capacity, 
and power source with the weight of 46.5%, 43.5%, and 10%, respectively. 
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For oil palm harvesting, the main criterion for spring chisel selection was field capacity with 
the weight of 56.%, followed by cost and power source with the weight of 34.5% and 9.5%, 
respectively. As for pneumatic harvesting tool selection, the criteria were consistent with 
those for spring chisel selection, with the weight of 44.5%, 44.5%, and 11%, respectively. 
From the findings above, the criteria for selection of agricultural machinery can be useful as a 
guideline and basic data for designing machines of this type, to better suit farmers’ needs 
8.5.4 Satisfaction of farmers with the use of the machines 
A satisfaction interview with farmers who have used the machines in this research showed 
that: 
For each machine type mentioned in the interview, it was found that they can be substituted 
for labour which has long been in shortage. Furthermore, as some of these machines had not 
been introduced in Thailand, farmers were highly satisfied with more alternatives offered. 
8.5.4.1 Power puddler 
The power puddler can be operated effectively, especially in preparing of soil in swampy 
areas, both primary and secondary tillage; and is fuel-efficient. 
8.5.4.2 Half- track tractor  
The half-track tractor can be operated effectively, especially in preparing of soil in swampy 
paddy fields. 
8.5.4.3 Inter-row cultivator 
The inter-row cultivator can incorporate plant residues into soil effectively. After a uses, it is 
found that crop production increased, from adding green manure into soil. In addition, 
incorporating crops and mixing residues to soil also help prevent sugarcane leaves from being 
burned off. 
8.5.4.4 Spring chisel and pneumatic harvesting tool 
The spring chisel and the pneumatic harvesting tool can be used effectively in oil palm 
harvesting and also prevent a problem of oil palms’ death. 
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8.6 Conclusions  
This research is considered a success as there were a number of companies asking for 
permission to employ the prototypes for manufacturing and selling the products 
commercially; and there were a considerable number of small-scale famers using them to 
solve their agricultural problems, especially those who produce rice in swampy areas, those 
who want to incorporate sugarcane leaves into soil, and those who want to solve a problem of 
harvesting oil palms in the primary stage. All machines designed and developed in this 
research have been able to help farmers solve their problems in certain aspects, resulting in an 
increase in production yields and a reduction of the overall production cost; and this thus 
leads to their better living. In addition, an inquiry about satisfaction of the farmers with the 
machinery also provided valuable information on agricultural machinery selection criteria, as 
well as their weight, in which the main criterion was cost, followed by field capacity and 
power source. 
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Chapter 9 
Conclusions and Recommendations 
9.1 Conclusions   
This research attempted to find the appropriate agricultural mechanization for small-scale 
farmers in Thailand by suitably designing and developing the machinery for using in the 
production of rice in swampy paddy field, sugarcane and oil palm. Conclusions are as follow. 
1. The research on factors influencing selection of machinery for land preparation in swampy 
areas was conducted to ascertain the most viable solution for machinery utilization for land 
preparation for farmers in the swampy area of Thailand. The survey was conducted using 
structured questionnaire on a use of machinery in the area of the study. Machinery utilization 
was categorized, based on a power source, into four systems: a two-wheeled tractor with 
moldboard plow and puddling rotor, a tractor with a rotary tiller and two-wheeled tractor with 
a puddling rotor, a tractor with a rotary tiller and a rake and a track tractor with a rotary tiller 
and a two-wheeled tractor with a puddling rotor. The major criteria for machinery selection 
were a size of the land and a number of cropping cycles per year. In addition, since the survey 
showed that an average land ownership was 5.4 ha per family, the most suitable system for 
land preparation in swampy areas was a two-wheeled tractor attached with moldboard plow 
and puddling rotor.  
2. A design and development of a power puddler was conducted in order to substitute the 
moldboard plows and puddling rotor currently used to attach to a two-wheeled tractor for 
land preparation in swampy paddy fields.  According to the study, the designed power 
puddler fastened to a two-wheeled tractor for primary and secondary tillage was more 
efficient than conventional implements, and the field capacity was higher than those of the 
conventional ones. Moreover, a fuel consumption rate was as well lower. As a result, the 
power puddler designed can be used as a substitute. 
3. The study on a use of converted half-track tractor through an evaluation of the machine for 
traction in swampy fields, reported an appropriate mechanical system that helped enhance the 
traction. During land preparation in swampy paddy fields, the tractor with high lug tire tended 
to lack traction. To improve traction ability, a development of a half-track tractor, by means 
of converting a normal tractor into a half-track tractor, was carried out. The modified half-
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track tractor was equipped with a rotary, with a working width of 140 cm, and the high lug 
tire tractor equipped with a rotary was tested in swampy paddy fields. By replacing the high 
lug tires with the tracks, the contact area increased from 10,474 cm2 to 20,868 cm2, i.e., 
almost twofold. The contact pressure also changed from 22 kPa to 16 kPa, a decrease of 
27.2%. The wheel slip changed from 28.3% to 11.2%, a decrease of 60.4%. The increase in 
the contact area helped improve tractive efficiency as contact pressure wheel slip decreased. 
In addition, the experimental data demonstrated that the developed/modified half-track tractor 
with an attached rotary could work in the swampy paddy fields properly. 
 4. A prototype of an inter-row cultivator was developed to at once minimize the practice of 
burning off sugarcane leaves and increase the organic matters in sugarcane fields. The inter-
row cultivator was designed with working width of 80 cm, a total weight of 518 kg, and a 
speed of 500 rpm. The performance of the implement was quantified in terms of chopping, 
mixing, and residue burial. Considering soil inversion, it also indicates that the inter-row 
cultivator operates at a very high percentage of residue chopping and mixing into the soil.  
5. Even though the harvesting time per bunch of the spring chisel was higher than a 
conventional chisel, the use of designed equipment can help minimize the torn wounds on oil 
palms during harvesting, from 80% to 5%. As for the pneumatic harvesting tool, it can help 
minimize the torn wounds, from 80% to 6%. For the pneumatic harvesting tool with one 
chisel blade, the field capacity was similar to that of a conventional chisel with one blade. 
However, the pneumatic harvesting tool can be operated together with three chisel blades. 
Both of the new equipment, the spring chisel and the pneumatic harvesting tool, therefore, 
can be employed as a new alternative for oil palm farmers. 
6. This research is considered a success as there were a number of companies asking for 
permission to employ the prototypes for manufacturing and selling the products 
commercially; and there were a considerable number of small-scale famers using them to 
solve their agricultural problems, especially those who produce rice in swampy areas, those 
who want to incorporate sugarcane leaves into soil, and those who want to solve a problem of 
harvesting oil palms in the primary stage. All machines designed and developed in this 
research have been able to help farmers solve their problems in certain aspects, resulting in an 
increase in production yields and a reduction of the overall production cost; and this thus 
leads to their better living. 
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9.2 Recommendations 
From the viewpoint of this research, the following recommendations have been purposed: 
1. In an area with a moderate swampy condition where a two-wheeled tractor cannot be 
operated efficiently, farmers can solve the problem by attaching supplemental wheel to the 
original wheels so as to increase their width for preventing the machine from sinking or being 
stuck in the mud. 
2. Draining water off the rice paddy fields during the harvest season. In case water cannot be 
drained off or dried out during the harvest season due to continuous rice production in an 
adjacent plot and water logging condition, farmers can solve a problem by furrowing the 
ground beside or around the plot to retain the water. 
3. According to a report on agricultural machinery utilization, a use of a small-sized 4-wheel 
tractor as a power source for land preparation generates maximum return rate for land 
preparation in the hiring system. With regard to this, the government should promote 
implementation of the system as it will help reduce an overall wage for land preparation. 
However, development of implements should take into account a greater working width for 
improvement of field capacity and land preparation efficiency.  
4. Designing of agricultural machinery should take into account safety use and human factors 
and ergonomics, according to physiological structure of users, to ensure maximum safety 
while working in the fields. Proper design of machinery of this type with consideration of 
physiological mechanisms can help minimize risks of harmful incidents during the operation.  
5. It is necessary that agricultural production in future should heavily focus on safety of both 
producers (farmers) and consumers, from crop growing to consumption of end users; and thus 
designing of future agricultural field machinery must attach more attention to health, safety, 
and welfare of farmers, and this will eventually lead to consumer safety. 
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Appendix A 
Questionnaire on Decision Making using the Analytic Hierarchy Process  
Questionnaire No.:………… 
Date ……./……./……… 
Name of farmer: …………………………………………………………………… 
Address: ………………... Village:…………………. Subdistrict: ……………….. 
District: …………………………….Province: …………………………………… 
I. Farm household information  
1. Age and sex of the head of the family: Age …….. years old;   Sex: (1) male (2) female 
2. Level of education of the head of the family: 
(1) Primary school (2)  Secondary school  (3) Vocational  (4) Bachelor  (5) Post graduate 
3. Total family members: ……………… persons 
4. Number of family labour (16-60 years of age): ………….  
5. Number of family labour actually active in farm operations: ……..  
6. Number of crops grown per year: …………….  
7. Type(s) of crop in the field 
7.1………………………. 
7.2………………………. 
7.3………………………. 
8. Type of machinery  
 Power puddler    Half track tractor   Inter-row cultivator 
 Spring Chisel   Pneumatic Harvesting tool 
9. Years of experience working in farming  …………….  
II. Levels of importance of factors that influence decision making of the farmer in 
agricultural machinery selection:  Power puddler,  Half track tractor, Inter-row cultivator 
Spring Chisel  and Pneumatic Harvesting tool 
Factor A: Price and fuel and maintenance costs 
Factor B: Power sources   
Factor C: Field capacity 
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1. Between Factor A and Factor B, what is the reason for purchasing agricultural machinery? 
Please rate the level of importance of the factor that influences decision making in 
agricultural machinery selection 
A 9 7 5 3 1 0 1 3 5 7 9 B 
 
2.  Between Factor A and Factor C, what is the reason for purchasing agricultural machinery? 
Please rate the level of importance of the factor that influences decision making in 
agricultural machinery selection 
A 9 7 5 3 1 0 1 3 5 7 9 C 
 
3. Between Factor B and Factor C, what is the reason for purchasing agricultural machinery? 
Please rate the level of importance of the factor that influences decision making in 
agricultural machinery selection 
B 9 7 5 3 1 0 1 3 5 7 9 C 
Where: 1 = equally important, 3 = moderately more important, 5 = strongly more important, 
7 = very strongly more important and 9 = extremely more important 
III. List of the interview farmers 
Item Name Address Experience 
in the field 
(Year) 
 
Power Puddler 
 
Mr. Suchat Kumbuntueng 
 
28 Moo 3 Aornugn Saimai 
Bangkok. 
 
12 
Mr. Anek Ketkaew 66 Moo 19 Buengtongrang  
Lumlukka  Pathumthani 
13 
Half Track tractor 
 
Mr. Khawan Khumdee 20 Moo 6 Kaochangum Potaram 
Ratchaburi 
 
15 
Mr. Samond Yodkam 
 
218 Moo 3 Banmee Lopburi 
 
12 
Inter-row Cultivator 
 
Mr. Kittipit Ungsatittavol 113/3-4 Mittapap Rd. Banpai 
Khonkaen 
 
15 
Mr. Santipap Srisukkajorn 357 Moo 1 Kampangsaen 
Nakornpathom 
 
15 
Spring Chisel 
 
Mr. Tumneap Kedrap 
 
123 Moo 2 Sawee Chumporn 
 
15 
Mr. Prom Rukwong 75 Moo 4 Sigao Trang 
 
12 
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Pneumatic Harvesting 
Tool 
 
Mr. Suthum  Boonruksa 23 Moo 7 Muang Chumporn 
 
14 
Mr. Amnart Chaithong 
 
79 Moo 6 Kianza Suratthani 
 
12 
 
 
 
 
 
 
. 
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Appendix B 
B.1 Companies and the machine prototypes employed for the commercial purpose 
B.1.1 Power Puddler  
After the completion of this research, there were 2 companies asking for permission to 
employ the prototype for manufacturing and selling the products commercially, being: 
Worapanit Co., Ltd. and Siam Implement Co., Ltd. (Fig B.1 and B.2). 
 
 
 
Fig. B.1 Siam Implement Co., Ltd.: a company employing the prototype for manufacturing and selling 
the products commercially 
 
 
 
Fig. B.2 Product manufactured, from the prototype, by Worapanit Co., Ltd. 
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B.1.2 Half track tractor 
After the completion of this research, there were 2 companies asking for permission to 
employ the prototype for manufacturing and selling the products commercially, being: Ko 
Saeng Yon Co., Ltd. and Siam Implement Co., Ltd. (Fig B.3 and B.4). 
 
 
Fig. B.3 Ko Saeng Yon Co., Ltd.: a company employing the prototype for manufacturing and selling 
the products commercially 
 
 
 
Fig. B.4 Half-track tractor manufactured by Siam Implement Co., Ltd.  
 
B..10 Inter-row cultivator  
After the completion of this research, there was one company asking for permission to 
employ the prototype for manufacturing and selling the products commercially, being: Siam 
Implement Co., Ltd.(Fig B.5). 
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Fig. B.5 The prototype of inter-row cultivator employed for manufacturing by Siam 
Implement Co., Ltd.  
B..14 Spring Chisel type and Pneumatic Harvesting tool 
After the completion of this research, there was one company asking for permission to 
employ the prototype for manufacturing and selling the products commercially, being: 
Jakraval Car Center Co., Ltd. (Fig B.6). 
 
Fig. B.6  Jakraval Car Center Co., Ltd.: a company employing the prototype for manufacturing and 
selling the products commercially  
B.2 Dissemination by demonstration and via television broadcasting and printed media 
As for promotion of the use of the machines undergone the full research, the research team 
provided both demonstration and dissemination via television broadcasting and printed media 
for small-scale farmers experiencing a problem of using the agricultural machines. The 
details are as below. 
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B.21. Power puddler:  
Giving a demonstration to small-scale farmers experiencing a problem of preparing land in 
swampy areas, and disseminating the research work via media were carried out. (Fig B.7 and 
B.8). 
 
Fig. B.7 Giving a demonstration to small-scale farmers facing a problem of land preparation in a 
swampy area 
 
Fig. B.8 Dissemination via television broadcasting and printed media 
B.2.2 Half track Tractor 
Giving a demonstration to farmers in the central region with a problem of preparing land in a 
swampy area was carried out. (Fig B.9). 
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Fig. B.9 Giving a demonstration of Half-track tractor in a swampy area to a group of farmers  
B.210 Inter-row cultivator 
Giving a demonstration to small-scale farmers experiencing a problem of managing 
sugarcane leaves and plan residues, and disseminating the research work via media were 
carried out. (Fig B.10 and B.11). 
 
Fig. B.10 Giving a demonstration to small-scale farmers facing a problem of incorporating sugarcane 
leaves 
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Fig. B.11 Dissemination via television broadcasting 
B.214 Spring Chisel type and pneumatic harvesting tool 
Giving a demonstration to small-scale farmers experiencing a problem of harvesting oil 
palms in the primary stage, and disseminating the research work via media were carried 
out.(Fig B.12 and B.13). 
 
Fig. B.12 Giving a demonstration to small-scale farmers facing a problem of harvesting oil palms in 
the primary stage 
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Figure B.13 Dissemination via television broadcasting 
 
 
 
 
